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ABSTRACT
Photosystem II (PSII) enzyme is a light-driven, water plastoquinone oxidoreductase
present in all oxygenic photosynthetic organisms. The oxygen evolution process is catalyzed by
the Mn4CaO5 cluster and an ensemble of intrinsic and extrinsic proteins which are associated with
the photosystem. This metal cluster is stabilized and protected from exogenous reductants by the
extrinsic proteins, PsbO, PsbP and PsbQ in higher plants, which are present on the lumenal face
of PSII. No crystal structure for the higher plant PSII is currently available; consequently, the
binding locations of these extrinsic proteins in PSII remain elusive. We have used chemicalcrosslinkers Bis (sulfosuccinimidyl) suberate (BS3) and 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) to crosslink the extrinsic proteins in their bound state to PSII followed by
identification of the crosslinked products by tandem mass spectrometry.
BS3 crosslinking identified the interacting domain of PsbP with PsbQ involving the PsbP
residues 93Y, 96K and 97T (located in the 17-residue loop 3A, 89G-105S) which are in close proximity
(<11.4Å) to the N-terminal 1E residue of PsbQ. We also found that this PsbP assumes a compact
structure from the nine independent crosslinked residues between the N- and C-terminus of PsbP.
This suggests that the N-terminus of PsbP, 1A-11K (which is not resolved in the current crystal
structures), is closely associated with the C-terminal domain

170

K-186A. Additionally, interacting

domains of two PsbQ copies from different PSII monomers were identified. The residue pairs 98K133

Y and 101K-133Y of PsbQ were crosslinked. These residues are >30 Å apart when mapped onto

the PsbQ crystal structure. Since BS3 can only crosslink residues which are within 11.4 Å, these
residues are hypothesized as inter-molecular crosslinks of PsbQ.

xi

Furthermore, EDC crosslinking provided structural information pertaining to the
organization of the N-terminus, absent in the cyanobacterial-PsbO. In this study, twenty-four
crosslinked residues located in the N-terminal, loop and the β-barrel region of PsbO were
identified. The models incorporating crosslinking data suggests several differences in
cyanobacterial- and higher plant-PsbO. The results on extrinsic proteins provide significant new
information concerning the association of the extrinsic proteins with PSII and are valuable while
proposing overall models of higher plant PSII.

xii

CHAPTER 1. LITERATURE REVIEW
1.1 Oxygenic Photosynthesis
Oxygenic photosynthesis is an important process by which plants, algae and some bacteria
convert light energy, carbon dioxide and water into carbohydrates and oxygen. There are also
organisms like purple and green bacteria that carry out photosynthesis without producing oxygen.
The process of photosynthesis in plants and algae occurs in specialized organelles called chloroplasts
that contain an aqueous fluid called stroma, and a membranous system called thylakoids. The stacked
thylakoids are called grana lamella, and unstacked thylakoids are called stroma lamellae. In
cyanobacteria thylakoids are membrane staks of folded sheets present near plasma membrane (Frain
et al., 2016). The thylakoid membranes contain huge membrane bound protein complexes that form
supercomplexes which work in series as a unit. In oxygenic photosynthesis, also called linear
electron transport, the complexes of Photosystem II (PSII), Cytochrome b6f (Cyt b6f), Photosystem
I (PSI) and Ferridoxin (Fd)-NADP+reductase (FNR) work in tandem to generate oxygen, reduce
NADP+ to NADPH, and generate a proton gradient in the lumenal space which is used to drive ATP
synthesis by the chloroplast ATP synthase. These products are ultimately used up by the Calvin
cycle for carbon fixation.
During the electron transfer reaction shown in FIGURE 1.1, electrons are withdrawn from
water by water-splitting reactions at the PSII metal cluster and charge separation events within the
D1/D2 proteins of PSII (described below) transfer electrons from QA to QB to form plastoquinol
PQH2. The plastoquinol then diffuses in the membrane to the Cyt b6f complex, where it transfers one
electron to a small copper containing protein called plastocyanin (PC) and the other electron to
another PQ molecule within b6f complex. The PC after accepting an electron travels to the PS I
complex and transfers its electron via ferredoxin (Fd), to the complex ferredoxin: NADP+ reductase
1

(FNR) that reduces NADP+ to NADPH in stroma. It has been hypothesized that Fd can also transfer
electrons back to the b6f complex in one form of cyclic electron flow (Munekage et al., 2004).

FIGURE 1.1. Linear Electron Transport of Photosynthesis.
In this figure, protein complexes PSII, Cyt b6f and PSI are shown working in series. PSII and PSI
are shown in green, b6f and FNR in blue. b6f acts as a proton pump. The proton gradient generated
on the luminal side is used for ATP synthesis. The linear electron transfer reaction ultimately reduces
NADP+ to produce NADPH.

This photosynthetic electron transfer process is initiated by the capture of light by accessory
pigments chlorophyll a (Chla), chlorophyll b (Chlb), carotenoids (like β carotene, lutein,
violoxanthin etc.) and in cyanobacteria, phycobilins using the photosynthetically active region
(PAR) of light in the 400-700 nm wavelengths range. When these pigments absorb a photon of light,
they transfer the absorbed energy to Chla to form a singlet excited state (1chl*) and this state can
transfer energy further downstream to the reaction center chlorophylls by resonance energy transfer.
The excited chl can dissipate its energy in different ways, the primary use of this energy is for
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photosynthesis (photochemistry), and excess energy is dissipated either as heat also known as nonphotochemical quenching (NPQ) or it can be re-emitted as fluorescence. These three phenomena
occur simultaneously (although in different proportions). In the following sections, PSII, with a
focus on the extrinsic proteins from higher plants, will be discussed, along with their comparison to
the cyanobacterial counterparts.

1.2 Photosystem II (PSII)
The architecture of PSII (FIGURE 1.2) has several intrinsic membrane proteins embedded
in the thylakoid membranes, extrinsic proteins on the lumenal side, and an antenna system to capture
light energy. PSII is a water-plastoquinone oxidoreductase that catalyzes the light-dependent
oxidation of water into molecular oxygen. PSII exists as a 700 kDa homodimer. In all oxygenic
organisms, light is trapped by and funneled through light-harvesting pigment protein complexes to
the reaction center of PS II, where two of the core subunits, D1 and D2, located in the heart of PSII
contain all the cofactors required for primary photochemistry. D1 and D2 are heterodimeric proteins
that bind these cofactors arranged along the pseudosymmetric paths in PSII. These cofactors are two
Chla molecules present as a dimer called PD1 and PD2; two monomeric chlorophyll (Chla) molecules
– ChlD1, ChlD2; two pheophytins (Pheo) and two quinones (QA and QB). The FIGURE 1.3 illustrates
the cofactors involved in electron transfer process within PSII. The charge separation primarily
occurs on the D1 path, excitation of Chla forms the cation [PD1/PD2]•+ with a dominating state of
ChlD1•+ PheoD1•− in almost all centers (Cardona et al., 2012; Saito et al., 2013a, b). This radical pair
is stabilized by electron transfer to QA , after which Tyr 161 on D1 also called TyrZ (Yz) donates one
electron to PD1•+. And further Yz• oxidizes the Mn4CaO5 cluster, which then catalyzes the water
splitting mechanism, to generate more electrons (Saito et al., 2013a). These electrons further
stabilize the Yz• radical, and transfer electrons ultimately to the plastoquinone QA.
3
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Lumen

Umena et al., 2011

FIGURE 1.2. X-ray Crystal Structure of Photosystem II.
PSII dimer from T. vulcanus at 1.9Å resolution. Individual subunits are colored in different colors.
PsbA (green), PsbB (light pink), PsbC (purple), PsbD (yellow) and PsbO (orange) are labelled.
Cofactors associated with PSII are not shown.

QA is a single electron carrier, it transfers electrons to QB one at a time, and once QB is fully reduced
by two electrons, it forms plastoquinol (QBH2). The plastoquinol at the QB site is loosely bound to
the protein D1, and this can diffuse into the thylakoid membrane once it forms the QBH2 exchanging
itself with another plastoquinone to bind at the QB site. The electrons from QBH2 are transferred to
plastocyanin via Cyt b6f (FIGURE 1.1). During this process of charge separation, several reactive
oxygen species (ROS) are generated. ROS species can oxidize numerous surrounding residues in the
PSII complex that impairs the structure and function of the complex.
4

FIGURE 1.3. Cofactors in Electron Transfer Process of Photosystem II.
D1 protein and its cofactors are shown in green, and D2 protein along with the associated cofactors
are shown in yellow. Redox-active tyrosines Yz (present on D1) and YD (present on D2) are shown
in ball and stick models. ChlD1, PD1 and ChlD2, and PD2 are chlorophyll pigments on D1 and D2
respectively.
Since PSII disassembly and reassembly is energetically an expensive process, there are
several internal free-radicle quenchers which include both enzymatic and non-enzymatic
antioxidants that help in scavenging these ROS species (Pospisil, 2014). These antioxidants can only
theoretically scavenge and eliminate the ROS completely. When ROS are produced in excess, these
5

species are channeled from their site of production to the antioxidant catalytic center via specific
channels (Frankel et al., 2012, 2013). This is considered as the first-line of ROS defense (Pospisil,
2014), the second line of defense is initiated outside the thylakoid membrane, once these ROS
species are carried out of these channels. The putative ROS channels have been experimentally
studied using radiolytic footprinting and tandem mass spectrometry by (Frankel et al., 2013).
In addition to ROS channels, there are other channels for the entry of the substrate water and
the exit of the products, oxygen and protons, from the metal cluster. Potential channels for water,
oxygen and protons have been proposed based on computational analysis using the program CAVER
(Petrek et al., 2006), by looking at the continuous/contiguous spaces to accommodate water or
molecular oxygen in PSII crystal structure available at that time (Gabdulkhakov et al., 2009; Ho and
Styring, 2008; Murray and Barber, 2007). Similarly, to identify the regions of the protein around the
metal cluster that are accessible to the bulk solvent (water and methanol in this case) were identified
computationally using the cyanobacterial PSII crystal structure (Ho and Styring, 2008). The oxygen
and water channels were further experimentally studied (Frankel et al., 2012, 2013) by observing
the oxidation pattern of the potential channel residues. It was hypothesized that the water present in
these channels (entering or exiting the metal cluster) would be susceptible to synchrotron radiation,
and would generate hydroxyl radicles, which are capable of oxidizing the surrounding residues. The
oxidized residues were thus studied by exposing the PSII membranes to synchrotron radiation at
various time intervals (in seconds) and analyzed by tandem mass spectrometry. The authors
identified several modified residues on D1, D2, CP47 and CP43, and compared them to the
computational analysis published by the above-mentioned groups. Based on their analysis, 55% of
the residues identified from D1, D2 and CP47 were similar to broad channel (Ho and Styring, 2008),

6

or channel (iii) and (c) suggested by other groups, and discussed in detail in recent reviews (Bricker
et al., 2015; Ho, 2012).
PSII complexes have been crystallized in both monomeric (PDB ID: 3KZI, (Gabdulkhakov
et al., 2009) and dimeric forms (Kamiya and Shen, 2003; Umena et al., 2011). The crystal structure
with the best resolution has been studied from a thermophilic cyanobacteria at 1.9Aº in a dimeric
form (Umena et al., 2011). Although the PSII dimer is considered the most active and functional
form, functional monomeric complexes with similar oxygen evolving rates have also been reported
(Kern et al., 2005; Shen, 1997) and more detailed discussion on monomeric complexes has been
reviewed elsewhere (Watanabe et al., 2009). The PSII crystal structure from Thermosynechococcus
vulcanus (henceforth T. vulcanus) illustrated in FIGURE 1.3 is composed of about seventeen
membrane proteins, three extrinsic subunits, 35 chla, 11-12 al-trans β carotenes, one Mn4CaO5
cluster, one heme b, one heme c, two to three plastoquinones, two pheophytins, one non-heme iron,
and about 25 lipids (Umena et al., 2011). Of the seventeen membrane proteins at least seven are
highly essential for the photoautotrophic growth and oxygen evolution function of PSII. These seven
proteins include D1, D2, CP43, CP47, Cytb559 α and β subunit and PsbL. The D1 and D2 proteins
each consists of five transmembrane helices that contain all the contributing cofactors for the
electron transfer and water splitting reaction. CP43 and CP47 are made of six transmembrane helices
that bind to numerous chlorophyll molecules and serve as an internal antenna system. Cytb 559 is
made of two subunits α (PsbE) and β (PsbF) and a heme group coordinated by two histidines
contributed one from each subunit. PsbL is a low molecular weight (LMW) protein present at the
monomer-monomer interphase of PSII along with two other proteins (Suorsa et al., 2004), PsbM
and PsbT. Absence of PsbL causes decreased photoautotrophic growth, reduced number of PSII
centers and impaired oxygen evolution (Luo et al., 2014). PSII containing these seven components
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can evolve oxygen, however, only at minimal levels. Addition of very high, non-physiological levels
of calcium and chloride causes proper oxygen evolution. The presence of extrinsic proteins (PsbO,
PsbP and PsbQ in higher plants) helps in achieving optimal levels of oxygen evolution in the absence
of high calcium and chloride. The extrinsic proteins include PsbO, PsbP, PsbQ and PsbR in higher
plants (green lineage), and PsbO, PsbU, PsbV, CyanoQ and CyanoP in cyanobacteria.
The oxygen evolving complex (OEC) of PSII is made of an active site which is a chemically
unstable complex, packaged during the PSII assembly process. The active site is made of Mn4CaO5
inorganic cluster buried on the lumenal side of D1 and CP43, ligated by waters and amino-acid side
chains (Ferreira et al., 2004; Loll et al., 2005; Umena et al., 2011; Yano et al., 2006). The Mn4CaO5
cluster is protected by extrinsic proteins (PsbO, PsbP and PsbQ in higher plants and PsbO, PsbU and
PsbV in cyanobacteria) and the lumenal domains of the intrinsic membrane proteins (PsbA, PsbB,
PsbC and PsbD). These proteins help to shield and stabilize the cluster from the exogenous
reductants.
The FIGURE 1.4 shows the arrangement of ions in the Mn4CaO5 inorganic cluster. It
resembles a distorted cubane or a skewed chair and is based on the X-ray crystal structure of PSII
(Umena et al., 2011) and quantum mechanics/molecular mechanics (QM/MM) calculations by
Ishikita and Saito group. In the FIGURE 1.4, the corners of the cubane are occupied by three Mn
ions (Mn1, Mn2, and Mn3), four oxygen atoms (O1, O2, O3 and O5 (shown in green)) and one Ca+2
ion. The Mn4, however, is located outside of the cubane, connected to the rest of the ions by µ-oxobridges formed by O4 and O5, and thus Mn4 is also known as dangler Mn. It is hypothesized that
this distorted structure of the metal complex would help in structural rearrangements during the Sstate transitions, and for efficient catalysis of water-splitting process.
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Chu, 2013

FIGURE 1.4. The Mn4CaO5 Cluster from the PSII Structure, 3WU2.
The X-ray crystal structure of PSII identified the Mn4CaO5 cluster organized as shown in this figure.
Manganese (Mn) is shown as purple spheres occupying the corners of the cubane; oxygen (O) and
waters (W) are shown in blue. Four water molecules are present around the Mn cluster of which,
W1 and W2 are coordinated to Mn4, and W3 and W4 are coordinated to Ca.
The mechanism of oxygen evolution has been explained on the basis of the Bessel Kok model
(Kok et al., 1970), and the discovery of the flash-induced period four oscillations was by Pierre Joliot
(Joliot, 1969). This model has a lasting impact on the current models to date. Joliot observed that
when a series of short flashes of light are provided to the green alga Chlorella, the oxygen evolution
process oscillates in a series of four (FIGURE 1.5), with the maximum levels of oxygen being
released at the third flash (Joliot, 1965, 1968, 2003). On continuing these series of flashes, the
oxygen evolution dampens and subsequently reaches a steady-state level (Forbush, 1971; Joliot,
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1969; Kok et al., 1970). The Kok model suggests that the PSII is activated by single turnover flashes
leading to oxygen evolution, in which the water oxidation complex (WOC) cycles through five
discrete redox states, also called S-states, named S0 – S4. The S-states advance by flashes of light.
These states are characterized by their increasing order of oxidation, with S0 being the most reduced
and S4 being the most oxidized. S4 is also a transient state capable of oxidizing water to release
oxygen, and hence oxygen is released during S3[S4]S0 transition (Han et al., 2012; McEvoy and
Brudvig, 2006). The release of oxygen and binding of water molecule occur simultaneously
(FIGURE 1.5 A).
S1 is suggested as the stable and dominating state in the dark, with S2 and S3 being the
metastable states that decay back to S1 in a few minutes at room temperature, and S0 oxidizes back
to S1 in a few minutes by YD•. TyrD (YD), PsbD:160Y , is a redox active that can provide electrons
to PD1/PD2 chlorophyll, just like TyrZ. However, YD doesn’t have a major effect on the charge
transfer process. The replacement of this Tyr with Phe (Debus et al., 1988; Saito et al., 2013b) did
not seem to affect the PSII function, thus the main function of YD known is to oxidize S0 state to S1.
The dampening of oscillations in the Kok model were explained by misses and double hits. Misses
in this model suggest the inability to advance to the next S-state. Double hits on the other hand
represent a double turnover (moving two states ahead taking two photons of light) from one single
flash. In terms of PSII, during the first flash P680+ is generated, oxidizing the dark stable S1 state to
S2. The second flash takes it to S3 and the third flash to S4, ultimately releasing oxygen at S4, and
returning back to S0. The release of oxygen at the third flash is seen when S1 state is predominant
and successive cycles require four turnover flashes to extract four protons and electrons and
ultimately release oxygen.
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FIGURE 1.5. Oxygen Evolution Process Proposed by Kok, 1970.
A. the Figure shows the events occurring at each S-state. Oxygen evolution and entry of water occurs
during S3 to S0 transition. The dotted circle around S4 shows its transition state. With each flash of
light, one electron and a proton are released. B. The figure illustrates oscillating pattern of oxygen
yield with brief series of flashes.
1.3 The Extrinsic Proteins of Photosystem II in Higher Plants
The extrinsic proteins are present on the lumenal face of PSII and are required for enhanced
oxygen evolution and optimal activity at physiological levels of calcium and chloride conditions
(Bricker, 1992). Additionally, they protect the Mn4CaO5 cluster (henceforth, metal-cluster) from the
exogenous reductants and reactants present in the surrounding aqueous phase. An array of extrinsic
proteins binding to PSII differs with species suggesting their evolutionary changes and significance
over time. The extrinsic proteins present in higher plants are PsbO, PsbP, PsbQ and PsbR. In
cyanobacteria they are PsbO, PsbU, PsbV, CyanoP and CyanoQ. On the other hand, red algae have
PsbO, PsbU, PsbV and PsbQ’, while diatoms have Psb31 in addition to the proteins found in the red
algae (Okumura et al., 2008). In this dissertation, only the proteins from higher plants will be
discussed and compared to their cyanobacterial counterparts. Detailed reviews on the extrinsic
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proteins can be found in (Bricker and Burnap, 2005; Bricker and Frankel, 2011; Bricker et al., 2012;
Ifuku, 2015; Roose et al., 2016; Roose et al., 2007b).
In higher plants, these extrinsic proteins are encoded by the nuclear genes psbO, psbP, psbQ
and psbR. The proteins are expressed as precursors that consist of a bi-partite (two consecutive) Nterminal signal sequences, one that targets the protein to chloroplast with the second targeting to
lumen. The precursor proteins are guided to stroma in an unfolded state via Translocon at Outer
membrane of Chloroplasts (TOC) complex located on the outer envelope of the membrane (OEM)
and Translocon at Inner membrane of Chloroplasts (TIC) complex located on the inner envelope
membrane (IEM). These translocons are GTPases, and require GTP and ATP to perform their
transport function. After synthesis of the protein in the cytosol, the chloroplastic signal sequence is
exposed for the transit of the proteins to stroma. Once these proteins reach the stroma, their
chloroplast signal is cleaved off by the signal peptidase to expose the second transit peptide for
lumenal proteins. The proteins extensively studied, traversing through these pathways, are PsbO,
PsbP and PsbQ. The additional targeting sequences of these lumenal proteins are called Lumentargeting Domain (LTD). LTD containing proteins are generally soluble proteins. A subset of these
proteins is targeted to the lumen by the Secretory (Sec) pathway, and others by Twin Arginine
Transport (Tat) pathway. PsbO is an example of Sec pathway, where the proteins are transported in
their unfolded state and the process is driven by ATP hydrolysis. PsbP, PsbQ and their homologs on
the other hand are translocated into the lumen by the Tat pathway. These Tat pathway substrates are
in their folded state, with an “Arg-Arg” (twin Arginine) motif that is recognized by the Tat pathway
receptor, and uses proton motive force (pmf) across the membrane to derive energy for the
translocation process. The Tat is the only known pathway that uses pmf instead of NTPs for driving
translocation of proteins to their destination.
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The Structure, Function and Location of PsbO in PSII

PsbO is a key extrinsic protein present in all organisms containing PSII. Calcium and
chloride are the essential cofactors of oxygen-evolving complex. PsbO, also known as Manganesestabilizing protein (MSP), supports the Mn4CaO5 cluster with the optimal levels of Cl- and protects
it from the exogenous reductants (Popelkova et al., 2008). Additionally PsbO, along with PsbP and
PsbQ, may assist in maintaining optimal levels of Ca+2 as well.
PsbO is highly conserved among higher plants, algal and cyanobacterial species. Sequence
alignments from various species indicate that this protein is highly conserved with 43% of the
residues being either entirely conserved or conservatively replaced among different species (Bricker
and Burnap, 2007). Spinach PsbO exhibits 47% identity and 65% sequence similarity with
cyanobacterial protein. The only available high resolution structure of PsbO is from the
cyanobacterial PSII of Thermosynechococcus vulcanus (PDB ID: 3ARC) at 1.9 Aͦ resolution (Umena
et al., 2011). The red algal structure from Cyanidium Caldarium has been resolved at 2.77 Å
resolution (Ago et al., 2016). Since the red algal structure of PsbO has several unresolved regions,
only cyanobacterial structure is used here for our comparisons to understand spinach PsbO in the
following sections.
Structure of the PsbO Protein
Structurally, PsbO has a body made of eight antiparallel beta strands arranged to form a
barrel or cylindrical shape, illustrated as a ribbon diagram in FIGURE 1.6. The axis of the PsbO
barrel is oriented at a 40º angle to the plane of the PSII core. Additionally, this structure has two
helices and several loop regions. In this figure, the T. vulcanus structure, PDB ID 3ARC (Umena et
al., 2011), is shown in orange, and the spinach PsbO sequence was threaded on the program Swiss-
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model, using the cyanobacterial structure as a template. These two structures of PsbO are aligned to
each other for proper comparison.

FIGURE 1.6. Cyanobacterial PsbO Vs Spinach PsbO.
Cartoon in orange is cyanobacterial PsbO, and green is spinach PsbO threaded using cyanobacterial structure
as a template, using the program Swiss-model.

As seen in the figure, these structures are overall very similar, however, they do exhibit some
prominent dissimilarities in their loop regions. Two major alterations between these structures are
at the N-terminus and at the cyano loop region. Spinach PsbO has an extended N-terminus, 12
residues longer than the cyanobacterial PsbO, as illustrated in the figure. The Cyano-loop is an
extended loop region from

129

T to

142

F residues; the analogous loop in spinach is much smaller in

the region 136G-141F. It is suggested that these differences somehow cancel out each other’s effect,
and can function equally well in their respective organisms. PsbO subunits contains two cysteines,
reported to form a disulfide bridge, which is conserved in all organisms. These loops and beta barrel
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regions are suggested to interact with the intrinsic membrane proteins via charge pair interactions.
The potential salt bridge and cation - ∏ interactions have been studied and reviewed earlier, (Bricker
et al., 2012) using programs KFC (knowledge based FADE and contacts) server (Darnell et al., 2008)
and CaPTURE (Gallivan and Dougherty, 1999) respectively, of which salt-bridge interactions are
illustrated in TABLE 1.1. Structurally, this protein along with other extrinsic proteins PsbU and
PsbV in cyanobacteria act as a lumenal cap to the Mn4CaO5-cluster protecting it from the exogenous
reductants. The FIGURE 1.7 illustrates the location PsbO with respect to the metal cluster.

TABLE 1.1. Putative Salt-Bridge Interactions of PsbO in T.vulcanus.
Salt bridge interactions of PsbO identified using KFC and cation-π interactions by CaPTURE. The
residues in parenthesis refer to the putative inter – monomer interactions. The numbering scheme
is similar as found in the PS II structure 3ARC.
PsbO:CP 43
Charge-pair interactions

PsbO: CP 47

PsbO:D1

PsbO:D2

8

169

D:385R, 4.88 Å

69

K:103D, 3.2 Å

160

K:302E, 3.41 Å

169

D:422R, 2.70 Å

73

R:104E, 3.39 Å

228

H:310E, 3.19 Å

179

E:422R, 4.27 Å

179

E:423K, 5.20 Å

D:362R, 3.05 Å

99

D:381K, 2.45 Å

(59K:307E, 4.21 Å)
Cation-π interaction
7

Y:370R, 4.67 Å
Bricker et al., 2012

Function of the PsbO Protein
Removal of PsbO has different effects depending on the type of organism and whether it was
examined in vivo or in vitro. In vivo mutant studies from cyanobacteria and Chlamydomonas
reinhardtii (henceforth Chlamydomonas) suggested severe effects on the organisms’ oxygen
evolution ability. Synechocystis sp. PCC 6803 (henceforth Synechocystis 6803) mutants specifically,
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FIGURE 1.7. PsbO, a Lumenal Protein Cap for Mn-cluster.
A. The surface rendering of PsbO is shown in orange color, PsbA (D1) in green, PsbD (D2) in
yellow, PsbB (CP47) in pink, PsbC (CP43) in blue. B. FIGURE A is rotated 180º anticlockwise, and
zoomed in to see Mn-cluster, shown in rainbow colored spheres.
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in the absence of PsbO, could still evolve oxygen at rates of about 30% of the wild type (Burnap and
Sherman, 1991). It was hypothesized later that the in vivo levels of Ca+2 and Cl- were likely sufficient
to photo ligate the lost Mn ions and hence, help in the oxygen evolution process (Bricker,
1992).However, in the Chlamydomonas mutant FuD44, severe phenotypic effects were seen in the
absence of PsbO. This mutant couldn’t grow photoautotrophically, couldn’t assemble PSII and was
ultimately unable to evolve oxygen (Mayfield et al., 1987a). Similarly in Arabidopsis, PsbO-1
mutants showed low photosynthetic yield and couldn’t grow photoautotrophically (Murakami et al.,
2002, 2005).
In vitro experiments on intact PSII membranes from spinach have been very useful in
understanding the importance of PsbO in oxygen evolution. Spinach, an interesting tool and a
representative of higher plant systems, has been used in numerous studies on the extrinsic proteins
by release-reconstitution experiments. Removal of PsbO from spinach PSII membranes by CaCl2
treatment leads to destabilization of the Mn4CaO5 cluster and, under low chloride (< 0.1 M)
conditions, results in uncoupling of two of the four Mn ions from the metal-cluster (Mavankal et al.,
1986). In presence of high Ca+2 (>0.1 M), the CaCl2-washed PSII membranes, which lacked PsbO,
could still evolve oxygen but at lower rates (20-40%) compared to the control. The NaCl-urea
washed membranes (with their PsbO released) could evolve oxygen only in the presence of high
levels of both Ca+2 and Cl- (Bricker, 1992). These findings indicate an important role of PsbO in ionretention and in stabilizing the Mn-cluster for the oxygen evolution process.
PsbO is very strongly bound to PSII by electrostatic interactions (first and second
stoichiometric binding constants are Ka1 0.42 nM-1 and Ka1 of o.67 nM-1 respectively, probably from
two copies of PsbO (Leuschner and Bricker, 1996)) and can only be extracted in presence of high
salt concentrations. It has been observed that 1-2M NaCl is not sufficient to extract PsbO from PSII
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membranes, and this instead requires a higher charge density of divalent ions like Ca+2 (e.g.
treatment with 1M CaCl2) to disrupt its interactions with PSII. Additionally, it can also be extracted
at high pH (e.g. 1M Tris) or in presence of a chaotropic agent (like urea). In presence of urea (2.6M),
generally a low concentration of NaCl (200mM) is sufficient to disrupt the hydrogen bonding
interactions between PsbO and PSII. The treatment with Tris also extracts the Mn ions from the
metal cluster, and hence reconstitution of PsbO back to PSII doesn’t restore full oxygen evolution
activity (Leuschner and Bricker, 1996; Miyao, 1984, 1987).
Earlier studies on spinach PSII membranes depleted of PsbO suggested its role in S-state
transition of Mn-cluster. The thermo-luminescence measurements indicated that the loss of PsbO
caused slower transition of S3  S0 (Taka-aki Ono, 1985). Similar results were obtained from flash
oxygen yield experiments (Miyao, 1987), which indicated that these membranes (lacking PsbO)
exhibited extended S2 and S3 states, consequently causing slower turnover of S2 S3 and
S3[S4]S0 transitions. Similar findings were also identified in studies from Arabidopsis thaliana
and Synechocystis 6803 mutants lacking PsbO1 (the isoform required for normal PSII activity) and
PsbO respectively (Burnap et al., 1992; Imre Vass, 1992; Liu. et al., 2007).
To understand the contribution of PsbO to PSII, specifically at the site of Mn4CaO5, studies
using Fourier transform infrared spectroscopy (FTIR) and isotope labelling have become very
useful, these studies suggest changes in PsbO during state transitions in the metal-cluster
(Offenbacher et al., 2013). These studies used globally labelled
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C-PsbO, reconstituted onto

unlabeled, highly active and fresh PSII core preparations. FTIR analysis suggested conformational
changes in Mn-cluster upon removal of PsbO during S1 S2 state transition (using light minus dark
spectra), and structural conformation changes within PsbO from isotope edited spectra (12C-PsbO
minus 13C-PsbO).
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PsbO structure and the arrangement of its residues in its tertiary structure, adds more light to
its association to PSII. PsbO surface is particularly rich in aspartate and glutamate (D/E) residues,
forming clusters, and several of these clusters are associated with water molecules (Bondar and Dau,
2012; Shutova et al., 2007) that are resolved in the PSII crystal structure. The crystal structure of
PSII has been extremely useful in some of the computational studies as well. These studies were
performed to understand the water dynamics and hydrogen-bonding network within PSII. It is
suggested that the carboxylates of these D/E clusters participate in extended hydrogen bonding
network. This network is hypothesized to help in inter-subunit interaction, protein conformational
changes for its stability and movement of water and H+ acting as a channel to their exit pathway
(Lorch et al., 2015).
PsbO Copy Number in PSII Monomer
One important question, which still remains unanswered, is the copy number of PsbO per
PSII. The X-ray crystal structure of cyanobacterial PSII has one copy of PsbO, however the
biochemical analysis indicates the presence of two copies of PsbO per monomer in higher plants.
The stoichiometry of this protein has been studied using various experiments like bindingreconstitution, mutation analysis and protein quantification (for detailed reviews, see Bricker and
Burnap, 2005; Bricker and Frankel, 2011; Bricker et al., 2012; Ifuku, 2015; Roose et al., 2016; Roose
et al., 2007b; Zubrzycki et al., 1998).
Extraction of PsbO by butanol/water phase partition suggested the presence of at least 1.7
moles of PsbO tightly bound per mole of PSII (Yamamoto et al., 1987). Experiments using protein
quantification, and verification of the extinction coefficient of PsbO, suggested two copies of PsbO
per PSII monomer (Xu and Bricker, 1992). Some other studies used various buffers to extract PsbO
along with Mn (Leuschner and Bricker, 1996). These authors tested the rebinding of PsbO to the
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PSII membranes containing, no Mn bound (1M Tris treated PSII membranes), two Mn bound to
PSII (membranes treated with 1M CaCl2 and 5mM NaCl (low Cl-)) and all four Mn bound
(membranes treated with 1M CaCl2 with 200mM NaCl) to the Mn4CaO5 the cluster. It was observed
that irrespective of the number of Mn ions associated, the number of PsbOs that reconstituted back
to PSII remained unaltered, although, the binding affinities (kd) of PsbO proteins are different in
each case. Also, the binding curves showed a positive cooperativity in these experiments (by
definition, cooperativity requires more than one binding component) with a Hill coefficient of about
1.6 - 2.2. Single particle analysis (Kuhl et al., 1999) on PSII core particles extracted from
Synechococcus elongates suggested the presence of extra density which was suggested to be possibly
due to the second copy of PsbO, but required further analysis for direct evidence.
The structural variation in the cyanobacterial and higher plant (spinach) PsbO (described
above) led to studying the extended N-terminus in spinach. Several years of work on N-terminal
truncation mutants suggested the presence of two binding domains in spinach, which are highly
conserved across higher plants and green algae. These domains include 7T-10E and 15T-16Y regions
(Popelkova et al., 2002b) of which, the region spanning 7T-10E is absent in cyanobacteria (Popelkova
et al., 2003). Further analysis suggested that these regions are highly essential in higher plants, and
deletion of either of these domains led to reduced reconstitution of PsbO (40% of the control) to
PSII (Popelkova et al., 2002a). Threonine at 7T and 15T are particularly interesting and are highly
required for the binding functionality of two PsbO subunits (Popelka and Yocum, 2012). Other
regions in the N-terminus of PsbO, 1E-6L domain along with the 8Y-14K and 16Y-18E domains are
not required for the functional binding of one of two copies of PsbO to PSII, however, these domains
are required to prevent the nonspecific binding of PsbO (Popelkova et al., 2002b). Additionally,

20

higher fluorescence measurements and oxygen evolution assays on PsbO mutants with N-terminal
truncations have also suggested that two copies of PsbO are required (Roose et al., 2011b).

1.4 PsbP and PsbQ Structures, Function and Location in PSII
PsbP and PsbQ are the other important members of higher plants PSII lumenal proteins and
are predicted to have evolved from CyanoP and CyanoQ of cyanobacteria. These apparently
underwent several genetic and functional modifications during evolution to the current higher plant
forms. PsbP and PsbQ are structurally very similar to CyanoP and CyanoQ respectively (Balsera et
al., 2005; Cao et al., 2015; Jackson et al., 2012; Michoux et al., 2014) as shown in FIGURES 1.8
and 1.9 respectively, however, functionally they resemble PsbU and PsbV of cyanobacteria with
respect to protecting the Mn4CaO5 cluster from the exogenous reductants and in maintaining
optimal levels of Ca+2 and Cl- (Bricker, 1992; Ljungberg et al., 1983).
CyanoP and CyanoQ
The X-ray crystal structure of cyanobacterial PSII from T. vulcanus provides the exact
location of PsbO, PsbU and PsbV, however it lacks these two proteins, CyanoP and CyanoQ,
probably because of their low abundance and/or loss of protein during PSII isolation. The function
of CyanoP is not known, because of its low abundance in the CyanoP-PSII complexes in biochemical
preparations (Ishikawa et al., 2005; Thornton et al., 2004). The mutants lacking PSII did not contain
CyanoP, suggesting that CyanoP associates with PSII, or PSII is required for CyanoP accumulation
(Ishikawa et al., 2005). The isolation of CyanoP-containing complexes was reported by Ifuku’s
group, (Aoi et al., 2014), who tried to isolate complexes associating with CyanoP using different
detergents. Three detergents (n-dodecyl-β-D- maltoside (β-DM), n-dodecyl-α-D-maltoside (α-DM)
and n-heptyl-β-D-thioglucoside (HTG)) were used in this study.
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FIGURE 1.8. The PsbP Protein from Different Organisms.
The figure shows very small structural changes among higher plant PsbP proteins, however much
larger changes from CyanoP. A. CyanoP from cyanobacteria (PDB: 2LNJ). B. PsbP from tobacco
(PDB: 1V2B). C. PsbP from spinach, Zn bound (PDB: 2VU4). D. PsbP from spinach, Mn bound
(PDB: 4RTI), the arrows shown in blue shows the additional regions resolved in this structure, with
the binding of Mn ions.
The authors identified that only α-DM and HTG solubilized-membranes contained CyanoP attached
to PSII, and soluble fraction obtained during the extraction of the PSII membranes also lacked free
CyanoP. Additionally, α-DM (0.7%) solubilized membranes had only a minor fraction of CyanoP
associated with PSII, while the majority existed as free CyanoP, suggesting a need for better
purification methods. A deletion mutant of CyanoP revealed its functional importance. Although the
mutant cells were able to grow photoautotrophically, subtle yet measurable changes were observed
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in the deletion mutant under CaCl2-depleted conditions (Aoi et al., 2014). 77K fluorescence emission
spectra suggested an energy transfer anomaly from phycobilisomes to reaction centers under -CaCl2
conditions and even under normal BG-11 conditions on the third day subculture of the mutant cells.

FIGURE 1.9. The PsbQ Protein from Different Organisms.
A. X-ray crystal structure of CyanoQ at 1.6 Å resolution from Thermosynechococcus elongatus
(PDB ID: 3ZSU, (Michoux et al., 2013)). B. CyanoQ at 1.8 Å resolution from Synechocystis (PDB
ID: 3LS0, (Jackson et al., 2010)). C. PsbQ at 1.49 Å resolution from spinach (PDB ID: 1VYK,
(Balsera et al., 2005)).
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Since CyanoP is a lumenal protein and phycobilisomes are the antenna systems present on
the cytoplasmic side of the thylakoid membrane, CyanoP may be responsible for the long distance,
transmembrane transfer of energy through conformational changes (Roose et al., 2016).Similar longdistance defects were observed upon removal of PsbP and PsbQ (Roose et al., 2010) in spinach PSII
(slow electron transfer from QA- to QB) and in ΔPsbU mutant (PsbU is one of extrinsic proteins in
cyanobacteria) in Synechocystis (Veerman et al., 2005), where defects in energy transfer from
phycobilisomes to reaction center and electron transfer within PSII were observed. Based on the
identified effects of CyanoP in PSII, and its low abundance, it was suggested that perhaps CyanoP
is an assembly factor (Aoi et al., 2014; Thornton et al., 2004). Much recently, however, surface
plasmon resonance spectroscopy identified the location of CyanoP in T. vulcanus. This protein
occupied similar location as PsbO in PSII, and was only identified in the PSII assembly intermediates
lacking the extrinsic proteins (PsbO, PsbU and PsbV). In this experiment, the amount of CyanoP
reconstituted to PSII dimer was much less than the inactive, monomeric PSII from T.vulcanus. This
was the first study to directly indicate the role of CyanoP in PSII assembly (Cormann et al., 2014).
Additionally, the double mutants, ΔcyanoPΔycf48, were compared to the individual mutants and the
wild type strain in Synechocystis (Jackson and Eaton-Rye, 2015). The ΔcyanoP mutant did not have
any significant phenotype, and the ΔcyanoPΔycf48 mutants were similar to Δycf48 mutant except
during PSII assembly. During PSII assembly, the number of assembled complexes identified in the
double mutants was greater than in the Δycf48 single mutant. This suggested that CyanoP potentially
perturbs the PSII assembling capability still remaining in the absence of Ycf48.
As mentioned earlier, CyanoQ and PsbQ share structural resemblance in having a four-helix
up-down bundle (PDB ID: 2LNJ, (Jackson et al., 2012) and PDB ID: 3ZSU, (Michoux et al., 2014)).
The N-terminus of CyanoQ however, is lipidated, which is not seen in PsbQ. The sequence identity

24

of CyanoQ with the spinach PsbQ is only 17%. CyanoQ is not found in any of the currently available
PSII crystal structures. This protein was suggested as a stoichiometric unit associating to PSII
(Thornton et al., 2004). A six-histidine tag on the C-terminus of CyanoQ, aloowed extraction of the
entire PSII complex by affinity purification confirming its association to PSII (Roose et al., 2007a).
When CyanoQ-His-PSII complexes were compared to the CP47-His-PSII complexes (PSII extracted
with a His-tag on CP47), the CyanoQ-His-PSII were found highly active compared to the CP47-HisPSII complexes. CP47-complexes were overall less active, probably because CP47-tag could isolate
a heterogenous mixture of PSII centers, with PSII in their monomeric or dimeric states and any
intermediary state undergoing assembly or repair (during assembly/repair, the extrinsic proteins are
added much later in the process).
The deletion of cyanoQ (ΔcyanoQ) in Synechocystis could not affect the normal growth and
photoautotrophy (Thornton et al., 2004). These mutants, however, evolved less oxygen than the wild
type cells in the absence of CaCl2. Additionally, these mutants were unable to grow
photoautotrophically under Ca+2, Cl- and Fe depleted conditions, suggesting the role of CyanoQ in
high stress conditions. Another interesting finding was that these deletion mutants could evolve more
oxygen in presence of higher CaCl2 (20mM) than with 5mM CaCl2 (Kashino et al., 2006; Thornton
et al., 2004). Additionally, these mutants were also sensitive to hydroxylamine (a reducing agent)
than the wild type, suggesting an important role of CyanoQ on the extrinsic side of PSII in protecting
the oxygen evolving complex (Kashino et al., 2006).
The hypothesis that one copy of CyanoQ is stoichiometrically bound per monomer of PSII
(Liu et al., 2014; Roose et al., 2007a; Thornton et al., 2004) was revisited recently. Histidine-tagged
CyanoQ could isolate PSII complexes, however, at higher concentration of imidazole, the extracted
PSII complexes contained four copies of CyanoQ (instead of one) and instead lacked PsbU and PsbV
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proteins (Liu et al., 2015). A model was presented explaining this result, which suggested binding
of multiple copies of CyanoQ during PSII assembly process. It was further hypothesized that some
of these copies are dissociated from PSII, along with addition of PsbU and PsbV during the
maturation of PSII complex.
Crosslinking studies in Synechocystis identified crosslinked-residues within CyanoQ, which
would only be possible if these residues were from two copies of CyanoQ (Liu et al., 2014). In these
studies, the authors proposed the two CyanoQ copies were from two different monomers and hence
they placed the CyanoQ in the PSII dimer interface. The N-terminus of CyanoQ is short (compared
to spinach PsbQ) and has a lipid moiety at its N-terminus (which helps its association with the
membrane). Hence, this protein would have to be very close to the thylakoid membrane while
associating with PSII along with the rest of the extrinsic proteins (Roose et al., 2016).
PsbP Family of Proteins
The PsbP family of proteins constitutes CyanoP and its structural homologs in higher plants. The
higher plant PsbP-family consists of the protein PsbP (described more in detail below), which is an
extrinsic subunit of PSII (PsbP1 and PsbP2 pseudo-gene in Arabidopsis (Ifuku et al., 2010)), two
PsbP-like proteins (PPL1 and PPL2) and seven PsbP-domain proteins named PPD1-7 (Bricker et al.,
2013). All the members of the PsbP family of proteins were identified in lumenal proteome, extracted
from the soluble fraction of thylakoid proteins (Peltier et al., 2002; Schubert et al., 2002). These
proteins have evolutionarily diverged in their functions, but retain structural similarity. Homologous
sequences have similar structures, however this is not directly related to their function, since small
changes in structure can result in major change in function. Sequence alignments for PsbP family of
proteins have been reviewed in detail (Bricker et al., 2013). Their structures contain several
differences, with PPL and PPD proteins showing their characteristic insertion or deletion of certain
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domains or extensions at their N-or C-termini. The functional characterization of PPL proteins in
Arabidopsis thaliana (henceforth Arabidopsis) suggests that PPL1 acts as a PSII assembly/stability
factor and is required for efficient repair of photo damaged PSII (Ifuku et al., 2010; Ishihara et al.,
2007). Structurally and functionally, PPL1 is more similar to CyanoP from cyanobacteria than PsbP.
PPL2 may have role in the NDH complex since it was found to be co-expressed with NDH complex
subunits and is required for their accumulation (Ishihara et al., 2007).
Sequence alignments and phylogenomic studies of the PsbP-domain or PPD proteins
indicated that the majority are specific to green lineage which includes the green alga
Chlamydomonas, the moss Physcomitrella patens and other land plants (Ishihara et al., 2007; Sato,
2010). The functions of these proteins are not well understood. PPD1 is required for PSI assembly,
specifically at the lumenal face of PSI and for the turnover of PsaA and PsbB proteins (Liu et al.,
2012; Roose et al., 2014). PPD2 is categorized in NDH-related group (Ifuku et al., 2008), found in
singlet-oxygen dependent signaling in Chlamydomonas (Brzezowski et al., 2012). PPD5 is a stress
responsive signaling protein, also involved in strigolactone synthesis (Roose et al., 2011a). And
PPD6 is also categorized in the stress responsive group and is a putative target of thioredoxin (Hall
et al., 2010). These proteins have been reviewed in detail elsewhere (Bricker et al., 2013).
Higher Plant PsbP in PSII
Higher plant PsbP and PsbQ, involved in stabilizing the Mn4CaO5 cluster, binds to PSII by
electrostatic interactions. These proteins when removed from PSII by 1M NaCl, the oxygen evolving
ability of PSII is dropped to 25% of the control, and this effect is reversed upon rebinding of these
proteins (Ljungberg et al., 1983; Miyao and Murata, 1983, 1985; Miyao, 1984). PSII can evolve
oxygen in the absence of these two proteins only at high concentrations and non-physiological levels
of Ca+2 and Cl- (Ghanotakis et al., 1984a; Miyao and Murata, 1984; Nakatani, 1984). Hence, PsbP
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and PsbQ are required to optimize and lower the requirement of Ca+2 and Cl- ions around the
Mn4CaO5 cluster. The mechanism underlying cofactor optimization is still a puzzle.
The N-terminus of PsbP is hypothesized to be critical for the ion retention function and
binding to PSII. Measurements of oxygen evolution indicated that N-terminally truncated PsbP Δ15PsbP and Δ19-PsbP were unable to reconstitute onto the PsbP depleted PSII, and hence couldn’t
optimize the Ca+2 and Cl- requirement necessary for oxygen evolution (Ifuku et al., 2005a). This was
explained in case of Δ19-PsbP with the hypothesis that the truncation led to instability in its structure,
which was further supported by the access of its domains to trypsin digestion, not seen in wild type
PsbP. It can now be deduced from the current crystal structure 4RTI that Δ19-PsbP was unstable
because the residues
strand
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F-

12

P-17E form a random coil and residues

18

F-22N form a β-sheet with the β-

P. A deletion in any region of the β-sheet (as seen in Δ19-PsbP) would break the
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hydrogen bonding interactions and destabilize the structure, and hence making it accessible to
proteolysis. Previous crosslinking studies report that the N-terminal 1A of PsbP was crosslinked to
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E of the α-subunit of Cyt b559 (Ido et al., 2012), a core subunit of PSII. Additionally, the N-terminus

of PsbP can modulate the redox potential of Cyt b559 (Nishimura et al., 2016). Consequently the
importance of the N-terminus is evident. Thus Δ15-PsbP was unable to restore the ionic requirement
because it lacked the domain interacting with the PSII membrane proteins, in addition to maintaining
ionic concentration at the oxygen-evolving site.
The current high-resolution crystal structure of higher plant PsbP is available from spinach
at 1.8Å resolution (PDB: 4RTI, (Cao et al., 2015)). This structure contains two manganese ions,
Mn1 and Mn2. Mn1 is strongly and stably bound to PsbP in a pocket of positively charged residues
and coordinated to the side chains of 144H and 165D and a Cl- ion as seen in the FIGURE 1.10. PsbP
has a αβα structure, with three α helices and ten β strands. The previous structure of PsbP (PDB:
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2VU4, (Kopecky et al., 2012)) was bound to Zn, instead of Mn, and had three unresolved regions.
Two of the three regions and some portion of the third region (N-terminus) are resolved in the 4RTI
structure. And yet, the N-terminus of PsbP, highly important for PSII binding and ion retention, from
residues 1A- 11K is not determined in any of the crystal structures available so far.
FTIR spectroscopy is a popular technique to probe conformational changes in a protein or a
protein complex. The FTIR measures vibrations of the atoms in a compound. The vibrations that
lead to net change in the dipole moment appear as peaks in this spectroscopy. Hence this method
has been used to identify changes in the structure of proteins by measuring the vibrational changes
in the amide bond. The amide I band represents the vibrations associated with the C=O stretching
(peak near 1650 cm-1 for alpha-helix and 1630-1640 cm-1 for beta-sheet) and amide II band arises
mainly due to N-H bending (peak near 1550 cm-1) (Barth 2007). The vibrations from amide bonds
are similar for interacting protein, and hence isotope-edited infrared spectroscopy has become useful.
Isotope labelling allows a shift in these amide bands, thus allowing a greater different in the vibration
spectra. Similar studies (isotope-edited IR) have been performed to identify conformational changes
around the Mn4CaO5 cluster using

13

C labelled PsbP. This

13

C labelling helped in identifying the

changes specifically arising from PSII. In this experiment, no conformational changes were observed
in the PsbP itself (Ono et al., 1992; Tomita et al., 2009). Additionally, FTIR difference spectroscopy
also detected conformational changes in S2QA-/ S1QA upon removal of PsbP, and these changes were
restored on reconstitution of intact PsbP (Ido et al., 2012). The spectra indicated that there were no
changes in the ligands from the Mn4CaO5 cluster. PsbP and PsbQ extrinsic proteins apparently work
together in the ion retention process around the Mn4CaO5 cluster. Contrary to wild type PsbP, Δ15PsbP could not restore the conformational changes in PSII when reconstituted onto the PSII lacking
PsbP and PsbQ. Addition of PsbQ was able to restore these changes. Additionally Ifuku group
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(Kakiuchi et al., 2012) discovered that the binding of Δ15-PsbP (which does not bind PSII) to PSII
along with PsbQ was able to restore the oxygen evolution function to about 50% of the wild type.
The residue 144H of PsbP was reported to be essential for the ion retention ability of PsbP and this
residue is highly conserved among PsbP and CyanoP (Kakiuchi et al., 2012).
In spite of several studies on extrinsic proteins, the structure of the N-terminus of PsbP
remains unknown. The ambiguity in the binding location of extrinsic proteins has given rise to
several studies like transmission electron microscopy (on intact PSII membranes), negative staining
of PSII membranes from Arabidopsis and spinach, cryoelectron tomography of chloroplasts and
grana stacks from spinach. In a separate study to understand the protrusion of the extrinsic proteins
from the plane of the membrane, Atomic Force Microscopy (AFM) was performed (Phuthong et al.,
2015). This identified the small and large protruding regions of PSII-OEC. However, in-depth
analysis is necessary to understand the exact location of the extrinsic proteins in higher plant PSII.
The function of PsbP in Chlamydomonas has been examined in two mutants, BF25 and
FUD39, both of which lack this protein (de Vitry et al., 1989; Mayfield et al., 1987b). These mutants
could accumulate the reaction center proteins (CP43, CP47, D1 and D2) only to a level of 65% and
30% respectively. The BF25 mutant could grow photoautotrophically albeit, very slowly, and evolve
oxygen at very low rates (about 5% of the wild type). It was also observed that in these mutants,
PsbO and PsbQ were accumulated at their normal levels, and were present as unassembled units in
the thylakoid lumen.
RNAi knockdown studies in Arabidopsis and Tobacco indicated that they could grow under
low levels of PsbP (Ifuku et al., 2005b; Yi et al., 2007). When the PsbP levels are <5%, plants
showed certain defects including slower photoautotrophic growth. Further analysis suggested that
low levels of PsbP were sufficient to accumulate usual levels of PSII reaction center proteins,
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however, formation of PSII dimers was significantly decreased. Additionally, total loss of LHCIIPSII super-complexes was also observed (Ido et al., 2009). Furthermore, reduction of PsbP by strong
suppression to less than 1% led to severe defects. Since Arabidopsis has of two genes for PsbP
(psbp1 and psbp2), interestingly enough, only PsbP1 is essential for photoautotrophic growth, and
not PsbP2 (Yi et al., 2007). Complete knockdown of PsbP showed that the core proteins were highly
reduced and the photoautotrophy was entirely lost, which was deduced by their growth only in
presence of sucrose, and the plants are seedling lethal (Yi et. al, 2005). It was also identified that the
levels of PsbP1 are reduced in mature plants. This led to further investigation on the role of PsbP. It
was later identified that the PsbP is required for the early stages of seedling development, and is not
required in mature plants (Allahverdiyeva et. al, 2013).
Higher Plant PsbQ in PSII

The X-ray crystal structure of soluble spinach PsbQ (PDB ID: 1VYK, (Balsera et al., 2005)) is
illustrated in FIGURE 1.6. PsbQ has a four helix bundle at its C-terminal region, and the N-terminus
has four prolines 9P-12P forming a polyproline type II or left handed helix structure. Residues 1E-45P
form the N-terminus of PsbQ and residues 46T-149G form the C-terminal domain. Residues 14S-33Y
are unresolved in this crystal structure. The FIGURE 1.10 compares the X-ray crystal structures
from T. elongatus, T. vulcanus and spinach PsbQ. The structure of PsbQ has also been elucidated
using NMR (PDB ID: 2MWQ, (Rathner et al., 2015)). This structure (not shown in the figure) also
reveals a four helix bundle in its C-terminal domain, however, the N-terminal region is slightly
different from the 1VYK crystal structure. The NMR structure has a completely resolved Nterminus. Nevertheless, the structures representing the bound state of PsbQ need further
investigation. The N-terminus of PsbQ is important for its binding to PSII (Kuwabara et al., 1986).
Mutant of PsbQ with its N-terminal 12 residues truncated (Δ12 PsbQ) was unable to bind to PSII
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and its regions of interactions were not identified. It is also not known if PsbQ interacts with PSII
just with its N-terminus or if the C-terminal domain also has a role in its interaction to PSII.
Modification of a few residues in the C-terminal domain (90K, 96K, 101K and

102

K), located on one

face of the protein, with EDC and glycine methyl ester, did not lead to high affinity binding to PSII
(Meades et al., 2005), suggesting an important role of C-terminus in the binding of PsbQ to PSII.
Although spinach contains only one copy each of the PsbP and PsbQ proteins (which interact with
the PSII at stoichiometric levels), Arabidopsis contains two copies each of PsbP (mentioned earlier,
psbp1 and psbp2) and PsbQ (psbq1 and psbq2). Plants lacking both psbq1 and psbq2 showed normal
growth rates, in contrast to insertional mutants of psbp1 (which could not grow
photoautotrophically). Additionally, the triple mutants of psbq1/psbq2/psbr were also able to grow
normally (Allahverdiyeva et al., 2013), suggesting that PsbQ (and PsbR) do not play a major role in
overall growth of the Arabidopsis plant. Taking a closer look at the PSII function, complete loss of
PsbQ (double mutant psbq1/psbq2) had a minor effect on the PSII function, while the triple mutant
had more obvious defects in PSII activity.
The function of PsbQ in photosystem II is still unclear. The RNAi knockdown of PsbQ in
Arabidopsis was studied by silencing of the genes psbq1 or psbq2 (Allahverdiyeva et al., 2013).
These mutants didn’t have any effect on the overall growth of the plant, however the single mutants
and psbq1/psbq2 double mutant had a significant effect on the levels of PsbP and PsbR CP43 in
psbq2 mutant (~85% of the wild type plant). Also, except for D1 in addition to Lhca2 (PSI) and
Lhcb2 (PSII), all other PSII core proteins were similarly affected in the triple mutants. The D1
protein remained unaffected even in case of the double mutant, extrinsic subunits. Complete
knockdown of PsbQ and PsbR in a triple mutant led to total loss of PsbP in a 4-week old plant.
Surprisingly, none of the core proteins of PSII were affected except psbq1/psbq2. Further studies on
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FIGURE 1.10. The X-ray Crystal Structure of PsbP from Spinach (PDB ID: 4RTI).
A. PsbP structure shows the location of residues 144H, 165D and Cl- ion. B. Binding location of
Mn+2 ions, Mn1 (tightly bound Mn), and Mn2 (loosely bound Mn), Mn1 is located near the
residues 144H and 165D, and Mn2 near the residue 98D (not shown in the figure).
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the double mutant identified that PsbQ is required for the normal growth phenotype of plants under
low light conditions (Yi et al., 2006).Additionally, loss of PsbQ (and PsbR) had significant effects
on the super-complex formation. Compared to the wild type plants, the LHCII-PSII complexes were
reduced by 58% and 54% in the double and triple mutants, respectively (Allahverdiyeva et al., 2013).
These results emphasize the role of extrinsic proteins in super-complex formation. The TABLE 1.2
provides a brief description on the phenotype observed due to loss of different extrinsic proteins in
higher plants (Bricker et al., 2013).
In vitro studies on PsbQ have usually been performed on spinach PSII membranes. The
removal of PsbQ leads to defects in oxygen evolution under low Cl- conditions (Miyao and Murata,
1985). As mentioned earlier, N-terminally truncated mutant (Δ15 PsbP) was unable to restore the
oxygen evolution activity (when reconstituted onto the NaCl washed PSII membrane) under
physiological levels of Ca+2 and Cl- conditions (Ifuku and Sato, 2001, 2002). The oxygen evolution
ability was significantly restored in the presence of PsbQ. Similar effects were observed in FTIR
studies. The Amide I features of NaCl-washed PSII were not restored to normal in presence of the
mutants Δ15 PsbP and H144A PsbP, these amide I bands were almost restored to normal (as in wild
type) when these mutants were reconstituted in presence of PsbQ along (Kakiuchi et al., 2012). The
X-ray crystal structure of soluble PsbQ (PDB ID: 1VYK, (Balsera et al., 2005)) reveals a four helix
bundle at its C-terminal region, and the N-terminus has four prolines 9P-12P forming a polyproline
type II or left handed helix structure. Residues 1E-45P form the N-terminus of PsbQ and residues 46T149

G form the C-terminal domain. Residues

14

S-33Y are unresolved in this crystal structure. The

structure of PsbQ has also been elucidated using NMR (PDB ID: 2MWQ, (Rathner et al., 2015)).
This structure also describes a four helix bundle in its C-terminal domain, whereas, the N-terminal
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TABLE 1.2. Effects of the Loss of Extrinsic Proteins in Different Species.
The effects of the loss of extrinsic proteins PsbO, PsbP and PsbQ along with Cyano P and CyanoQ
are presented here for the organisms, Synechocystis, Chlamydomonas and Arabidopsis or tobacco.
Absent
protein

Effects on PS II assembly

Synechocystis 6803

PsbO
cyanoPsbP
cyanoPsbQ

Loss of PS II dimers
No effect on cyanoPsbQ accumulation
No effect on cyanoPsbP accumulation

Chlamydomonas
reinhardtii

PsbO

PsbP and PsbQ accumulate to near normal levels but
are not assembled into the photosystem. CP47, CP43,
D1 and D2 are strongly depleted apparently due to
instability of the assembled photosystem

PsbP

PsbO and PsbQ accumulate to near normal levels but are
not assembled into the photosystem. CP47, CP43, D1 and
D2 depleted to 30 - 65% wild - type levels
No mutants available

Organism

PsbQ
Arabidopsis/Nicotiana

PsbO
PsbP

PsbQ

Loss of PsbQ, and to a lesser extent, PsbP; CP43 and D1
strongly depleted, CP47 only modestly affected
Loss of PsbQ, PsbO slightly affected; Upon moderate
suppression (5-10% wild - type levels). CP47, CP43 D1
and D2 accumulate to near normal amounts; LHCII-PS II
supercomplexes do not form, LHC and core proteins not
phosphorylated; Upon strong suppression (< 1% wildtype levels), CP47 and D2 do not accumulate; Defective
thylakoid assembly under both moderate and strong
suppression
No effects under normal growth light regimes; Under low
light growth regimes, CP47, CP43 and D2 strong
depleted, D1 only modestly affected
Bricker et al., 2013

region is slightly different from the 1VYK crystal structure. The NMR structure has a completely
resolved N-terminus.Nevertheless, the structures representing the bound state of PsbQ need further
investigation. The N-terminus of PsbQ is important for its binding to PSII (Kuwabara et al., 1986).
An N-terminal 12 residues truncated mutant of PsbQ (Δ12-PsbQ) was unable to bind to PSII,
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suggesting its N-terminal interacts with PSII subunits. However, interaction of PsbQ to PSII requires
both N-terminus and C-terminus or other domains of this protein is not known. The EDC and glycine
methyl ester modification of the C-terminal domain of PsbQ (90K, 96K, 101K and 102K), located on
one face of the protein, could not yield a high affinity binding to PSII (Meades et al., 2005). Thus
suggesting an important role of C-terminus as well in the binding of PsbQ to PSII.
TANDEM MASS SPECTROMETRY AND CHEMICAL-CROSSLINKING IN PROTEIN
CHARACTERIZATION

1.5 Introduction to Mass Spectrometry
Mass Spectrometry (MS), an analytical technique that enables structural and biophysical
analysis of macromolecules present in biological samples. This method is extensively used to study
plant metabolites, their site of production and quantitation, and identification of the intermediates
from biosynthetic pathways. Mass Spectrometry imaging (MSI) methods are greatly used to study
mechanisms under plant stress, plant defense, plant surface metabolites (produced during biotic or
abiotic stress), nitrogen fixation, phosphorous deficiencies etc. MS particularly has greatly improved
from the time of its genesis, about four decades ago. In addition to the above mentioned applications,
MS is widely used in the “omics’ field like proteomics, genomics, lipidomics, transcriptomics,
glycomics etc. Protein mass spectrometry and its applications in Photosystem II are discussed below.
Mass Spectrometry when coupled to a collision or fragmentation chamber provides
information on proteins at their amino-acid level. This method requires more than one mass analyzer
instruments and hence is called Tandem Mass Spectrometry. Tandem MS is used to identify lowresolution three-dimensional molecular structure of a protein, any non-covalent interactions,
posttranslational modifications or even amino acid sequence (peptide sequencing). The structural
and functional characterization of various interactions helps in understanding the mechanics of
cellular processes. The complexity in studying soluble or membrane proteins stems due to their
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dynamic nature, abundance of protein expression or degradation and their variability under different
environmental conditions etc. MS in such cases is very helpful to capture transient phases of proteins,
proteins expressed at low levels, or to capture their dynamic states.
A schematic for the overall process of tandem mass spectrometry is illustrated in the
FIGURE 1.11. The example shown in this figure has Photosystem II protein complex as the starting
material, composed of several protein subunits. These proteins, when run on a one-dimensional
denaturing (SDS or LiDS) poly-acrylamide gel electrophoresis (PAGE), separates proteins based on
their molecular weights. The protein-band of interest is excised from the coomassie blue stained gel
and subjected to enzymatic proteolysis. The resulting peptides are separated by High-performance
liquid chromatography (HPLC), and the samples are directly injected into a mass spectrometer. Here
the sample or peptides are ionized. Two soft ionization methods are mostly used in photosynthesis
research, Electrospray Ionization (ESI) and Matrix assisted laser desorption ionization (MALDI).

1.6 Ionization Methods
Electrospray Ionization
In (ESI)-MS, thermally labile samples solubilized in a buffer or solvent (usually polar), are
introduced into the ionization source by means of a fine needle or capillary at a very low flow rate,
resulting in a continuous spray of the sample. A high electrical potential applied to the needle results
in the formation of an aerosol of highly charged droplets that are directed and driven by means of an
electrical field while a warm gas (usually nitrogen) aids in vaporization. The presence of a sheath
gas (nitrogen) around the capillary results in superior nebulization. The charged analyte enters into
a sampling cone or the mass analyzer. ESI is considered to be a soft ionization technique for
biomolecules, which means that the ionization process transfers minimum internal energy to the
analyte.
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Matrix Assisted Laser Desorption / Ionization (MALDI)
MALDI is another soft ionization technique, where samples are desorbed from a solid matrix,
unlike ESI. The sample is first solubilized in a suitable solvent, to which an excess amount of the
suitable matrix is added, spotted on to a MALDI plate and dried (in air or nitrogen) to solidify the
matrix. The sample is thus crystallized along with the matrix. The matrix containing the sample is
hit with a laser (usually nitrogen, at 337 nm), resulting in the absorption of the laser energy by the
matrix followed by desorption, which in turn causes ionization of the sample into the gas phase. As
in the case of other MS analyses, the ionized molecules are driven by electric and/or magnetic fields
resulting in their separation based on their mass and charge and are finally detected by the detector.
MALDI may be operated under vacuum or more recently, atmospheric pressure (El-Aneed et al,
2009). While both ESI and MALDI are often used in research, a choice between the two is made
based on several factors as there exist distinct differences between the two. As mentioned earlier,
both ESI and MALDI are soft ionization methods and are capable of detection when samples are at
very low concentrations. However, the sample state in each is different-solution in ESI and a solid
matrix in MALDI. This is advantageous when a liquid chromatograph (LC) is attached to the MS
and the sample has to be introduced in liquid state. While ESI is known to yield reproducible data,
it should be noted that ions are multiplied and hence the absorbance in the chromatogram does not
reflect the true sample concentration.
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Modified from Pharmchem.ucsf.edu

FIGURE 1.11. Overview of Tandem Mass Spectrometry.
Steps involved in tandem mass spectrometry process are shown here. MS1 refers to first Mass
Spectrometer and MS2 is the second mass spectrometer. Spectra are illustrated as m/z on the X-axis
with relative abundance on the Y-axis.
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MALDI is a fairly robust method and allows for presence of salts/detergents at moderate levels as
the ionized samples can escape the contaminants similar to how they escape the matrix molecules.
However, in ESI, these can be contaminants and can compete with the sample for ionization,
affecting the results.
The ionized samples travel through the chamber based on their m/z ratios and are analyzed
by the MS1 analyzer (See FIGURE 1.11). Of all the mass analyzers (linear quadrupole ion trap,
three-dimensional quadrupole ion trap, magnetic-, electric- and sector mass analyzers, time-of-flight
mass analyzer, ion cyclotron resonance (ICR) that uses electric/magnetic fields), ESI is generally
attached to ion trap mass analyzers, more specifically a linear ion trap (Banerjee and Mazumdar,
2012). Ion traps can hold ions for a longer periods, assisting in fragmentation of the parent ions MH+.
Although, it can determine the molecular mass accurately, obtaining site-specific information on
structure, modifications of certain residues etc. from its fragment ions is not possible. Hence, MS/MS
(MS2) is employed to identify such details.

1.7 Precursor Ion Fragmentation Methods
For MS2, the parent ions (single or multiply charged) from electrospray are further
fragmented in the mass analyzer, the linear ion trap in this case also contains helium gas, when a
small radiofrequency is applied, these ions thus move faster, experiencing resistance with the helium
gas (He), and sample ions colliding with an inert gas causes fragmentation of the sample ions, thus
converting sample ion’s kinetic energy into internal energy (Shukla and Futrell, 2000; Sleno and
Volmer, 2004). This process is known as Collision-induced dissociation (CID) or collisionally
activated dissociation (CAD). CID can be performed at low collision energies (eV range) or high
collision energies (k eV range). For low collision energies, tandem quadrupoles or ion trap methods
are employed, while for higher collision energy, time-of-flight (TOF) instrument is used (Sleno and
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Volmer, 2004). As the name suggests, TOF measures m/z of ions based on the time taken for these
ions to reach the detector at a given distance. These ions are accelerated in an electric field, which
results in the ions with the same charges to have similar kinetic energy. Hence, these ions reach the
detector based on their m/z ratios. For example, smaller peptides can reach much faster than the
larger peptides when they have similar charges. One advantage of a TOF analyzer is that, all the ions
eventually reach the detector and hence it can detect ions a large range of masses. Thus, TOF is
generally connected to ESI or MALDI for detection of macromolecules (>mega Dalton mass range).
Many advanced TOF analyzers have a resolving power >12,000 and mass accuracy of low ppm are
achievable (El-Aneed et al., 2009). Fourier Transform (FT) ICR uses magnetic and electrical fields
(Orbitrap) to generate ions, transport them to the trap and help in excitation of ion motion along with
their detection in the electrodes of the ion trap. An ion experiences a centripetal force on entering
the magnetic field, and hence it moves in a circular motion in an orbit. The frequency of an ion’s
orbit is detected and shown as spectra of m/z ratios vs abundance of the ions.
Mass accuracy is a very important parameter, especially when dealing with fragmented ions.
Higher mass accuracies are obtained with high-resolution mass analyzers like Fourier transform ion
cyclotron resonance (FTICR) and orbitrap. These are often coupled with ion trap mass analyzers in
MS2 or MS3 mass spectrometric analysis. Range of mass accuracies obtained with different mass
analyzers is illustrated in the TABLE 1.3. Resolution is the other feature most required during
analyses of the samples. A high resolution is also required to near accurately measure the mass and
quantify the abundance, which would not be possible if the two peaks from different constituents
are not sufficiently resolved (Scigelova et al., 2011). Mass tolerance of a mass analyzer corresponds
to its resolution. The resolution is generally affected when different constituents or peptides from a
sample mixture have similar peaks (similar mass to charge ratios), and thus, if resolution is not high
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enough, these constituents are categorized in the same peak, and thus inefficient analysis of the
sample results. Hence, higher mass accuracies are required while studying samples with multiple
TABLE 1.3. Mass Accuracies and Sensitivity of Mass Spectrometers used in Proteomics.
These values for mass accuracies are found under optimal conditions. Practically however,
observed mass accuracies are typically somewhat lower. FTICR, Fourier-transform ion cyclotron
resonance, LTQ-Orbitrap; linear trap quadrapole; TOF, time-of-flight; TQ, triple quadrapole; and
LIT, linear ion trap.

Instrument type

Mass
accuracy

Sensitivity

FTICR

0.1 - 1 ppm

Femtomole

Orbitrap

0.1 - 1 ppm

Femtomole

TOF

1 - 5 ppm

Femtomole

TQ

50 - 200 ppm

Femtomole

LIT

50 - 200 ppm

Femtomole
Bricker et al., 2015

proteins, protein complexes, post-translational modifications or protein crosslinking. The
fragmentation generates b- and y-type ions, with different charge states. The other most used
fragmentation method is electron capture dissociation (ECD), used to study non-covalent
interactions and can be easily coupled to FTICR mass analyzer. ECD produces c- and z-type ions.
The FIGURE 1.12 shows the fragmentation and the ions generated in the process. One mass
analyzer analyzes the peptides of a protein, and the second mass analyzer further analyzes the
fragmented ions. The most common type of ions produced from ion traps and q-TOF mass
spectrometers are a-, b- and y-type produced from low energy collision. The b-type ion series extend
from the N-terminus while the y-type series from the C-terminus. Some fragmentations occur more
readily than the others, and hence, these ions are not generated for each peptide bond. The parent
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peak can be predicted for its b- and y-type ions, and mass analysis for the MS/MS analysis can be
done manually, although, automation makes it much faster.

FIGURE 1.12. Ion Generated upon Fragmentation with CID.
An example peptide labelled with different ion types is shown in the figure. b- and y- ion types are
generated by CID by the cleavage of the amide bond along the peptide backbone are preferentially
important for sequence determination. Other ions a-, c-, x-, and z- types are also shown in the figure.
The ions arising from the N-terminus are b-ion series while the ions generated from the C-terminus
are termed y-ion series.

1.8 Chemical Crosslinking of Proteins
The knowledge of interaction in protein-complex assemblies is critical to understanding the
underlining biological processes. Chemical protein-crosslinkers function by linking the functional
groups on the protein with the reactive groups on the crosslinker. These crosslinkers form a covalent
bond/peptide bond between the crosslinker and the functional groups, thus linking the two functional
groups by its carbon chain or in case of a zero-length crosslinker; an amide bond is formed between
the two functional groups. Thus the crosslinkers add distance constraints to the structure of the
protein, and identification of these crosslinked-residues helps in determining the interacting domains
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and three-dimensional structure of the proteins. Protein-crosslinking coupled to tandem mass
spectrometry is an excellent tool to provide low-resolution models of proteins and protein
complexes. Due to certain drawbacks to X-ray crystallography and NMR methods mentioned earlier,
crosslinking procedures may be very useful. The chemical crosslinkers used in the PSII research are
NHS-biotin, glutaraldehyde, disuccinimidyl suberate (DSS), Dithiobis (succinimidyl propionate)
(DSP), BS3 and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide • HCl (EDC).

FIGURE 1.13. The Structures of Crosslinkers Used in PSII Studies.
Crosslinkers with their chemical names and structures are illustrated, their common names are shown
in parentheses along with the distance between the residues they can crosslink.
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Structures of these protein-crosslinkers are illustrated in FIGURE 1.13. These crosslinkers
modify certain surface residues, and the mass changes with their labelling can be determined by
tandem mass spectrometry. Gluteraldehyde is a five-carbon compound that reacts with primary
amines readily at neutral pH, although it can also react with other groups like imidazole, thiol and
phenols at other pH conditions. Its reactivity is dependent on nucleophiles and hence it can react
with tyrosine, tryptophan, phenylalanine, histidine, cysteine, proline, serine, glycine, arginine
residues (Migneault et al., 2004). Gluteraldehyde changes structurally depending on the pH, its most
reactive form at a given pH is unknown, and hence the reaction mechanism is not known too.
Another crosslinker, formaldehyde, displays reactivity with these amino acids similar to
glutaraldehyde, and is an emerging crosslinking reagent to study protein-interactions these days
(Klockenbusch et al., 2012; Sutherland et al., 2008; Toews et al., 2008).
The NHS-crosslinkers are the most commonly used homobifunctional chemical modifiers.
They readily react with primary amines (ε amino group of lysine, N-terminal amine of the protein)
at a basic pH (pH 7.0 - 9.0), and at acidic pH (pH 6.0), it can react with tyrosyl-, threonyl-, and serylresidues (Kalkhof and Sinz, 2008a; Madler et al., 2009). Three of the crosslinkers with NHS-head
groups are DSS, DSP and BS3. Their functional head groups are separated by an eight-carbon chain
and can crosslink residues up to 11.4 Å apart. During reaction, the crosslinker forms a stable amide
bond between the residues with the removal of the functional head groups. DSS and DSP are soluble
in organic solvents, and are generally dissolved in DMSO prior to adding it to the aqueous reaction
mixture. BS3 on the other hand has an additional sulfo group, which makes it water soluble, and
cannot cross the biological membranes, unlike DSS and DSP. Thus BS3 is not suitable for in vivo
crosslinking experiments.
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EDC is a zero-length carbodiimide that is water soluble and can activate carboxyl residues
for their reaction with primary amines, forming O-acylisourea as a reaction intermediate, to form an
amide bond with the release of isourea as a by-product. EDC can crosslink the carboxy- group of
glutamate and aspartate to the side-chain primary amine of lysine and the amino group at the Nterminus. The crosslinker can readily react in a pH range of 4.5 – 7.2, and can only crosslink the
residues within their van der Waals distance.
In addition to protein-crosslinking, EDC and NHS-biotin, were used earlier as the surface
residues modifying agents. The protein complexes were treated with these reagents and surface
modifications were identified by tandem mass spectrometry. Some domains of the protein are not
accessible to these chemical reagents possibly because theese are either hidden or buried, allowing
us to identify the surface residues, buried regions and/or interacting domains in a protein complex.
A much reliable technique used these days is radiolytic footprinting. This procedure can globally
oxidize residues that are surface exposed in a protein complex. The method involves production of
hydroxyl-radicles upon exposure to X-rays. The hydroxyl radicles are generated from water present
in the sample buffer. These free radicles are highly reactive and can modify several residues exposed
on the surface of the proteins, accessible to the bulk solvent. Amino acids in the relative order of
their reactiveness to oxidative modification have been described earlier (Takamoto and Chance,
2006).

1.9 Tandem Mass Spectrometry in PSII Research
The site of water oxidation in photosystem II is made of Mn4CaO5 cluster along with the
ligands offered by intrinsic and extrinsic membrane proteins. The extrinsic membrane proteins
(PsbO, PsbP and PsbQ) help in stabilizing this Mn4CaO5 cluster and protecting it from the exogenous
reductants.
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The D1 protein in PSII undergoes constant damage-repair process. PSII is most susceptible
to light induced damage, and the protein D1 is principally prone to ROS damage (Pospisil, 2009;
Pospísil et al., 2004). It is hypothesized that during water oxidation process, and release of oxygen,
several ROS radicles (O2-, •OH, H2O2) are generated. Damage metal clusters may also lead to more
ROS production. These sites of ROS production have been studied by tandem mass spectrometry.
Several oxidized residues on D1 and D2 proteins were oxidized near PheoD1 and QA sites, and other
residues on CP43 near Mn4CaO5 cluster, suggesting that they are the source of ROS generation
(Frankel et al., 2013; Sharma et al., 1997).
Additionally, water has to travel to the Mn4CaO5 cluster for its oxidation, hence, several
water / oxygen channels were proposed computationally based on the cyanobacterial crystal
structure (Ho, 2012; Ho and Styring, 2008; Murray and Barber, 2007; Petrek et al., 2006; Vassiliev
et al., 2010) These studies were experimentally tested by exposing the PSII membranes to X-rays
for 0, 4, 8 and 16 seconds followed by tandem mass spectrometry. Numerous oxidized residues were
identified in this time course experiment (Frankel et al., 2012). The modified residues were found in
D1, D2, CP47 and CP43. Some of these residues were only oxidized when irradiated with X-rays,
and these residues were similar to the computationally identified water channel. These residues
seemed to form a continuous track of oxidized residues channeling from the surface of the PSII
complex to the metal cluster. The residues, which were modified in the absence of irradiation, were
referred to as ROS/O2 exit channels.
Radiolytic footprinting followed by tandem mass spectrometry can identify oxidatively
modified residues by exposing the PSII proteins to radiation (X-rays). This method can modify the
surface residues exposed to the bulk solvent (Mummadisetti et al., 2014). The regions not modified
or oxidized, are those which are buried within the protein complexes and are indicative of their
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interaction with other proteins in this region. Furthermore, phosphoproteomic studies help in
identifying the post-translational modifications in a protein. Several PSII proteins including PsbP-1,
PsbP-2 and PsbQ-2 (in Arabidopsis) were phosphorylated based on the studies from Arabidopsis
and Chlamydomonas (Hansson and Vener, 2003; Puthiyaveetil and Kirchhoff, 2013; Reiland et al.,
2009; Tikkanen and Aro, 2012; Turkina et al., 2006; Vener, 2007; Vener et al., 2001).
Protein crosslinking methods in PSII research have been in use for more than 30 years.
However, they have been coupled to high-resolution tandem mass spectrometry much recently to
identify the crosslinking sites. This method has been useful in identifying the location of certain
subunits not present in the X-ray crystal structure, and hence it can provide low-resolution models
on the subunit composition and their location in a protein complex. Only the examples from the
extrinsic proteins of PSII are included here.
Cyanobacterial protein CyanoQ (structural homolog of PsbQ from higher plants) is a subunit
of PSII. This protein was identified as a part of the PSII complex, when a histidine tag at the Cterminus of CyanoQ could extract the entire PSII complex (see section 1.4.1 for details) by affinity
chromatography (Roose et al., 2007a). Protein crosslinkers EDC, BS3 and DTSSP when used to
modify cyanobacterial PSII, extracted from the C-terminally-His-tagged CyanoQ, identified several
inter- and intra- molecular crosslinked residues (Liu et al., 2014). The inter-molecular crosslinked
residues were identified between CyanoQ::PsbO (CyanoQ:120K - PsbO:180K and CyanoQ:120K PsbO:59K), CyanoQ::PsbB (CyanoQ:102K - PsbB:440D). Several intra- molecular crosslinked
residues from CyanoQ, identified in this study, were completely consistent with the X-ray crystal
structure. However, one of the crosslinked residue pair CyanoQ:96K - CyanoQ:120K spanned 41 Å
(with the crosslinker BS3) on the CyanoQ crystal structure. It was hypothesized that these
crosslinking pairs were interacting from two different CyanoQ molecules. Hence, these dimeric
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CyanoQ were placed between two PSII monomers in a symmetrical antiparallel fashion associating
from the lumenal face of PSII. Additionally, each CyanoQ was placed between PsbO and PsbB
within a PSII monomer. Similar examples in identifying the interacting regions of PSII subunits
were seen for the higher plant PsbP from green alga and spinach. The EDC crosslinker could
crosslink PsbP and PsbE in the green alga Chlamydomonas (Nagao et al., 2010) and the crosslinked
residues among these proteins were identified in spinach using tandem mass spectrometry (Ido et
al., 2014). In this experiment, the residue pairs PsbP:1A – PsbE:57E were identified in multiple
independent spectra. The authors also identified crosslinked residues between PsbP::PsbR
(PsbP:27K- PsbR:22D), a tertiary peptide containing two PsbP peptides and one peptide from CP26,
PsbP::CP26::PsbP (PsbP:115E-PsbP:173K-PsbP:174K-CP 26:96E). These results suggested that PsbP
closely interacts with PsbR, PsbE and CP26.

1.10 Analysis of Crosslinked Residues from Mass Spectrometry Data
When studying a mixture of proteins, the number of peptides generated from the sample, the
ions produced after their fragmentation and consequently the m/z ratio of each of those ions
generated are several thousands in number which are extremely strenuous for manual sorting. More
complexity is added to this when not just b- and y- type ions but also the ions from the side chains
are generated (even worse, if the backbone is cleaved multiple times). Thus, the analysis of sitespecific sequencing using tandem mass spectrometry is always automated by a statistical software.
Although, de novo MS/MS analysis of the peptide sequence can be done from a mixture of
proteins, a more reliable and reproducible result can be generated if a protein library is provided,
and the MS/MS data are searched against this protein library. In all the currently available softwares,
the user provides a library of target proteins from which the theoretical peptides and subsequently
theoretical spectra are generated for a specific enzyme. The data from tandem mass spectrometry
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are compared to these theoretical spectra to identify the location of chemical or post-translational
modifications. There are several softwares available to analyze the mass spectrometry data. A few
of these include MASCOT (Perkins et al., 1999), GPMAW (Peri et al., 2001), SEQUEST (Eng et
al., 1994) and MassMatrix (Xu and Freitas, 2007b, 2009) for post-translational modifications, pLink
(Yang et al., 2012), xLink (Kosinski et al., 2015), MassMatrix and StavroX (Gotze et al., 2012) for
chemical or oxidative modifications and protMapMS (Kaur et al., 2009) specifically for oxidative
modifications. For my dissertation, MassMatrix and StavroX have been used for the mass analysis
of BS3 and EDC modified proteins or peptides and are described below.
StavroX
StavroX is a fairly new tool developed by Michael Gotze (Gotze et al., 2012) that has not
been explored much in photosynthesis research. This search engine uses a non-probabilistic scoring
method for crosslinked proteins. It is available free of cost, and runs without installation on windows
platforms. StavroX uses a FASTA library to generate theoretical peptide mass list for a specific
enzyme, which is used to compare with the data generated from MS/MS. Enzymatic cleavage sites
are stated with a question mark (?) on either left- or right- hand side of the single letter code of the
amino acid depending on the N- or C-terminal cleavage by the protease, for example, Trypsin digests
on the C- terminus of lysine or arginine, and hence is represented as K?, R?, and since proline
prevents the activity of trypsin at that site, letter P for proline is stated in ‘blocked by’ field. Lower
case letters indicates oxidative modifications, e.g. modification of methionine (M) would be (m) for
oxidized methionine.
Currently the only acceptable file-format for Mass Spectrometry input data files for StavroX
is Mascot generic file (.mgf). Precursor and product ion mass measurements are defined based on
the type of MS/MS method used, just like in Mass Matrix. The cross linkers used for the experiment
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are defined by their elemental composition on StavroX. A decoy search library, by reversing the
sequences of the protein library provided, is used in each case to identify the false discovery rate for
a particular search. Based on several searches, it was identified that the scores larger than 100 have
false positive rate less than 2%. One greatest advantage of StavroX over MassMatrix is that it can
have any number of proteins in its library for a single search. MassMatrix webserver had a similar
feature, which is unavailable at present, and the PC version can only search a maximum of three
proteins to identify crosslinks in a single search. It is easier to sort data with StavroX software first,
to identify the proteins in the reaction mixture, followed by the using appropriate search parameters
in MassMatrix to reduce its number of searches. The scoring method of StavroX is much different
from MassMatrix and hence the crosslinks obtained cannot be compared based on their scores. A
score in StavroX at a given FDR represents the chance of occurrence is 95.5%, for example, if the
FDR for a crosslink is 20, the chance of occurrence of that crosslink would be 95.5%. However for
our crosslinking data we used a much stringent criteria of 3X FDR, so from previous example, a
score of 60 (3x 20 = 60) is considered, also the other criteria set was to have a score above 100, to
reduce the probability of false discovery. So, in the same example, this crosslink would be
considered only if the score of the crosslink is >100.
StavroX is considered one of the good programs in the market today, to identify the
maximum number of crosslinked peptides in a single search and shortest time span, however, it has
a few limitations as well. One of the drawbacks is that this program has not been optimized well to
relate its scores to the probability of occurrence of a crosslink to get its P values. Additionally, it
reports crosslinks of lysine with the C-terminal end of a tryptic peptide, since trypsin cannot cleave
at a lysine that is crosslinked, and hence the crosslinks have to be carefully chosen while using this
software (Sriswasdi et al., 2014). Its FDR increases with an increase in the number of proteins in the
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FASTA library, and hence it is advisable to use those proteins which were identified to participate
in the formation of a crosslink product experimentally, and are potential participants in crosslink
formation.
MassMatrix
It is a much-used software developed on ANSI C++ and runs on Windows and Linux
machines. It supports .mzXML, .mgf, .mzDATA input file formats for tandem mass spec data. The
Protein libraries have to be provided in FASTA or .BAS formats. Modifications during the search
can be specified as variable and fixed modification (similar to StavroX). MassMatrix uses a
probabilistic scoring method to rank peptide and protein matches (Xu and Freitas, 2007b). It
considers mass accuracy while scoring the peptides, which improves the score for a peptide and
successively true positives during peptide assignments in protein identification. A comparison of
higher mass accuracies, suggested that MassMatrix has a better scoring system among Mascot,
SEQUEST, X!Tandem and Open Mass Spectrometry Search Algorithm (OMSSA) (Geer et al.,
2004; Xu and Freitas, 2009). Scoring in this program is in terms of P value, represented as pp, pp2
and pptag. The scores pp and pp2 refer to the negative logarithm of the probability of random
occurrence of a peptide, individually however, a pp score represents the peptide match from the
product ions in the experimental spectrum with the theoretical spectrum, and pp2 score refers to the
abundance of these matched ions (Xu and Freitas, 2008, 2009). And the pptag score, refers to
“sequence tags” or the number of consecutive ‘b’ and ‘y’ ions identified from the peptide sequence.
The higher the sequence tags identified, the higher is the probability that the match is correct, and
consequently and higher probability score or pp-tag value. These values are influenced by the size
of the protein database used for mass spec data searches, just like in StavroX, and the mass tolerance.
When more proteins are present in the protein search database (hence more proteins in the decoy

52

library) there are more theoretical peptides to be compared with, and statistically, there is a greater
probability for incorrect peptide identifications, and with higher the mass tolerance, higher is the
chance of incorrect peptide count.
The major challenge with mass spectrometry is the huge amount of data generated (as m/z
values of different ions), thus it is important to use an appropriate statistical tool, that can carefully
include and analyze all the data, with maximum identifications (of modified peptides), and with the
highest accuracy. Thus we used two methods, one probabilistic (MassMatrix) and the other is nonprobabilistic (StavroX) scoring systems, and applied much stringent criteria for data analysis.

1.11 Protein Modeling
In this dissertation, PsbO and PsbP are modelled using Homology Modelling. The models
were optimized by molecular dynamics, and evaluated for their stereochemistry using
Ramachandran analysis and Z-scores.
Homology Modeling (HM)
HM, also known as comparative modeling, is the method of choice to understand the threedimensional structure of a protein based on its amino acid sequence. X-ray and NMR are very
powerful techniques to obtain high-resolution structures of proteins, however these methods aren’t
always successful (Acharya and Lloyd, 2005; Yee et al., 2005). In the absence of experimentally
determined structures, low-resolution structural information can be obtained by computational
methods. Computational methods become more accurate by homology modeling, which can help in
understanding the spatial arrangement of the important residues in a protein.
Evolutionarily related proteins share similar structures. HM concept was designed on a
hypothesis that the structural information of a protein is generally more conserved evolutionarily
than the sequence. This method of modelling based on homology involves the following steps: (1)
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Search of a template based on fold recognition and sequence alignment (2) Model building based on
the 3D structure of the template (3) Auto-modeling the gap regions in the template (4) Model
refinement using optimization protocols (5) and Model validation
The first step in HM is identification of the most appropriate template. A protein with 50%
or more sequence similarity can give rise to very similar structures (Pearson, 2013; Vyas et al.,
2012). To identify the right template, sequence similarity search can be performed on a search engine
like BLAST (Basic Local Alignment Search Tool), which is a very widely used and reliable way to
sequence similarity assessments. In this step, an unknown protein sequence is compared to a known
protein sequence whose structural information is available. Once we have the template, its primary
structure’s sequence is aligned to the target sequence using an alignment program like PSI-BLAST
(Position Specific Iterated – BLAST) (Altschul et al. 1990).
The second step is to build model based on the fold or sequence alignment with the template.
This can be done in one of the following ways: rigid-body assembly, segment matching, spatial
restraint, or artificial evolution (Vyas et al., 2012). In my research we are using the spatial restraint
method, which involves aligning and satisfying the spatial restraints of the target protein by defining
the constraints on the target sequence. For this process, we have used the program MODELLER for
comparative protein structure modelling and adding constraints based on the data obtained from
protein crosslinking experiments. From on the constraints stated, this program generates several
energetically favorable models. These models generate gaps or deletions based on the alignment
with the template, which are generally filled with loops, however it can be changed to a desired
secondary structure using similar programs.
The models generated have to be energy minimized further for their structural optimization
which is done using molecular mechanics force fields followed by further refinement using one of
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the following methods: molecular dynamics, Monte Carlo methods or genetic- algorithm based
sampling. These models have to be validated to obtain near native structures for more reliable results
which forms the basis for our fourth step. The optimized structures are analyzed for their quality by
their Ramachandran plots. Only a few distortions are allowed in a good model, and thus further
refinement may be required for a model to qualify. A variety of programs are available these days,
of which WHAT_CHECK (Hooft et al., 1996) can be used for crystallography related problems. All
models are generally validated for their stereochemistry (which includes symmetry, geometry and
structural packing quality) and fitness of sequence to structure which can be studied using softwares
like PROSA II (Laskoswki et al., 1993).
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CHAPTER 2
MATERIALS AND METHODS
2.1 PSII Preparations
The chloroplasts were isolated from market spinach (Spinacea oleracea) leaves. Spinach is
the best source to obtain photosynthetically active chloroplasts at high yield. The de-veined spinach
were ground in a blender using chloroplast isolation buffer (100 mM sucrose, 200 mM NaCl, 5 mM
MgCl2 and 50mM Na-K phosphate, pH 7.4). After grinding, the solution was passed through several
layers of cheesecloth to remove big chunks of spinach. The filtered solution containing broken cells
was centrifuged at 1400 x g for 5 min, to separate the debris. The pellets thus obtained were
suspended in grinding buffer or first-resuspension buffer (50 mM Mes-NaOH, pH 6.0, 300 mM
sucrose). This chloroplast suspension was used for chlorophyll measurements by the method of
Arnon (Arnon, 1949).
The chlorophyll assays were performed using 5-20 uL chloroplasts completely resuspended
in 1 mL of 80% methanol, and spun down in a micro-centrifuge at 14,000 x g for 5 minutes. The
supernatants were collected in a fresh vial and read at 645 nm, 663 nm and 710 nm on a Shimadzu
UV-spectrophotometer. The following equation was used to calculate the chlorophyll concentration
(Lichtenthaler, 1987).

[Chl] mg/mL = ((20.2*(A645-A710) + (8.02*(A663-A710))
10

X

mL of 80% acetone
μL of sample

The chl a/b ratio of the chloroplasts is generally in a range of 2.5 - 3.2 at this stage. The extracted
chloroplasts were brought to 2-3 mg/mL chlorophyll in the resuspension buffer. Sub-chloroplast
membranes containing mostly PSII, and capable of higher oxygen evolution rates, were isolated by
treating the chloroplasts with a non-ionic detergent, Triton-X-100 and incubated at 4 ˚C for 30 min
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in the dark. These samples were spun down at 5,000 g to separate the heavy and light material (the
sedimented soft pellets contain any large chunks from chloroplasts extraction and detergent). The
supernatants were spun down further at 38,720 x g (or 18,000 rpm in SS-34 Sorvall rotor) for 25
minutes. The pellets were washed and resuspended again in the resuspension buffer and the previous
slow (5,000 g) and fast spin (18,000 g) process was repeated to obtain high quality of oxygen
evolving membranes, mostly containing PSII. The final pellets were suspended in 50 mM MesNaOH, pH 6.0, 300 mM sucrose and 15 mM NaCl (SMN) buffer and their chlorophyll measurements
were performed. A good PSII membrane preparation has a/b chlorophyll ratio in a range of 1.8-2.0.
These membranes are suspended in SMN buffer at 2 mg/mL chl and frozen as aliquots until use.
Oxygen evolution rates were measured from freshly extracted PSII membranes on a
Hansatech-oxygen electrode. In every PSII preparation, the oxygen evolution rates were >400 m
moles O2·mg chl–1·h−1. Protein crosslinking experiments were performed using BS3 (ProteoChem,
Inc.) and EDC (ThermoFisher Scientific) crosslinkers.

2.2 Protein Crosslinking Procedures
In this dissertation two crosslinkers, BS3 and EDC are used. Protein crosslinkers form an
amide bond between two residues, separated by a distance consistent with the arm-length of a protein
crosslinker. BS3 is a homobifunctional, water-soluble, membrane impermeable and a non-cleavable
crosslinker that crosslinks different residues based on the pH of the medium. It has Nhydroxysulfosuccinimide (NHS) ester as its head groups on either ends of an 8-carbon spacer arm,
thus it can crosslink residues that are upto 11.4 Å apart (Staros, 1982). BS3 crosslinker can crosslink
primary amino groups (seen at the N-terminus of a protein and the ε-amino group of lysines) at pH
7.0 – 9.0. However, at low pH, it can also crosslink threonyl-, tyrosyl-, and seryl- residues, (Kalkhof
and Sinz, 2008b; Madler et al., 2009; Sinz, 2006; Swaim et al., 2004). The crosslinking reaction is
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shown in the FIGURE 2.1. For BS3 crosslinking reaction, PS II membranes were suspended at a chl
concentration of 100 μg/mL in SMN buffer and treated with various concentrations of BS3 (0–10
mM) for 1 h at room temperature and in the dark for BS3 crosslinking experiments. Bringing the
reaction mixture to 30 mM ammonium bicarbonate and incubating it for 20 min at room temperature
quenched the reaction. The reaction contents were spun down at 38,000 x g for 25 minutes and the
pellets were uniformly suspended using a homogenizer in the SMN buffer containing 1.0 M NaCl,
and this solution was left on ice, in the dark, for one hour. The high salt concentration can break the
interactions of the proteins PsbP and PsbQ with PSII, and release these proteins in the buffer
medium. This solution was again spun down at 38,000 g for 25 minutes, in which the supernatants
contained PsbP, PsbQ, and any of their crosslinked products (not crosslinked to the membrane
proteins or PsbO. The pellets were washed to remove excess salt, and frozen at -80 ˚C. The
supernatants were dialyzed overnight against 10 mM Mes, pH 6.0 using, a 6–8-kDa membrane
(Spectrum Laboratories, Inc.), centrifuged for 25 min at 39,000 × g, and were concentrated by
ultrafiltration using a 10-kDa cutoff membrane (Millipore Co.). Protein concentrations were
determined using the BCA protein assay (Smith et al., 1985).
EDC is a water-soluble carbodiimide that activates carboxyl residues to form a stable amide
bond with primary amines. Hence, it can crosslink the N- to C-termini of a protein, C-terminal
carboxyl to Lys, Asp to Lys and Glu to Lys. It is a zero-length crosslinker that crosslinks the residues
within a van der Waals distance. Sulfo- N-hydroxysulfosuccinimide (NHS) increases the reaction
efficiency of EDC crosslinking reaction by forming a stable intermediate with o-acylisourea (formed
on reaction of EDC with reactive carboxyl-group) for reaction with primary amines later.
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FIGURE 2.1. The Crosslinking of Proteins with BS3.
Primary amines e.g. at the N-terminus of a protein, or a ɛ-amino group of lysine react at basic pH
(7.0 – 9.0). Tyrosine, Serine and Threonine (hydroxy-group containing residues) also react with the
crosslinker, however, at acidic pH (6.0 ≤ 7.0).
A. Primary amine of a protein reacts with BS3 to release N-hydroxysulfosuccinamide group. B.
Reaction with water. C. Reaction with ammonium ion or ammonium bicarbonate (usually used as a
reaction quencher).
For protein-crosslinking with EDC, the oxygen-evolving PSII membranes were suspended
at 200 ug/mL in the crosslinking buffer containing 25% glycerol, 10mM MgCl 2, 5mM CaCl2 and
50mM Mes, pH 6.0. These membranes were treated with 6.25 mM EDC and 5mM sulfo-NHS. The
crosslinking chemistry is shown in FIGURE 2.2 and 2.3. The reaction was quenched with 100mM
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FIGURE 2.2. The EDC Crosslinking Reaction Scheme.
Molecules 1 and 2 are different proteins in our experiments (although these can be peptides or any
chemicals with carboxylate and primary amine groups). EDC reaction with carboxylic acids give oacylisourea intermediates, which readily reacts with primary amines to form isourea, and thus
forming an amide bond between the carboxylates and amine groups.

Thermofisher.com

FIGURE 2.3. The Sulfo-NHS Reaction Scheme.
Sulfo-NHS increases the half-life of reaction intermediate o-acylisourea, which is easily
hydrolysable. It forms another intermediate which is a Sulfo-NHS Ester, which can react with
primary amines, to release Sulfo-NHS again.
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ammonium bicarbonate. The reaction contents from EDC crosslinking reaction were harvested by
centrifugation for 25 min at 39,000 × g, and the final pellets were resuspended in 1.0 M NaCl (similar
to BS3 procedure) for 1 h at 4 °C to release any PsbP and PsbQ proteins not crosslinked to intrinsic
membrane protein or PsbO. Supernatants were collected and the PS II membranes were pelleted by
centrifugation for 25 min at 39,000 × g, and washed twice in 10mM Mes, pH 6.0, to remove excess
NaCl used for washing the membranes. The membranes free of NaCl were then washed with CaCl2
to release free PsbO, and any crosslinked products with PsbP and PsbQ. The membranes were again
pelleted and washed as described above, resuspended at 2mg per mL Chl concentration in SMN
buffer and stored in -80º freezer. Supernatants, from 1M NaCl wash contained free PsbP, free PsbQ,
and PsbP–PsbQ crosslinked products. And the supernatants from 1M CaCl2 treatments contained
free PsbO and its crosslinked products with PsbP and PsbQ. These salt-extracted samples were
dialyzed overnight against 10 mM Mes-NaOH, pH 6.0.

2.3 Electrophoresis and Protein Digestion
For the crosslinking experiments, the protein samples were resolved on a standard
acrylamide 12.5–20% LiDS– PAGE gradient gel (Delepelaire and Chua, 1979). After
electrophoresis, the gels were stained with Coomassie Blue, destained, and the protein bands of
interest were excised out of the gel. The extracted gel-fragments were then digested with different
proteases (trypsin or trypsin + Lys-C). In some cases, the mass spectrometry-compatible
ProteaseMax (Promega) was included during digestion.

2.4 In-gel Protease Digestion with Trypsin and Extraction of Tryptic Fragments
The protein bands of interest were excised from the Coomassie blue stained-, followed by
destained- gel (methanol + acetic acid). The rest of the procedure was carried out in low-peptide
binding tubes (ThermoFisher Scientific). The gel slices are destained further with 50% acetonitrile
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in 25 mM ammonium bicarbonate. These gel slices are completely dried in speed-vac. These gel
slices are reduced and alkylated using 10 mM dithiothreitol (DTT) and 55 mM iodoacetic acid (IAA)
respectively. The gel slices dried again completely in a speed-vac (Savant SpeedVac SC 100).
For trypsin digestion, mass spectrometry / sequencing grade trypsin (Promega) is stored at a
concentration of 0.1μg/μL as 12.5 μL aliquots in -80 ˚C. These aliquots are freshly thawed before
use. To these aliquots, 100 μL of 25 mM ammonium bicarbonate (digestion buffer) was added to
bring the final volume to 112.5 μL. The final working concentration of trypsin is 11.1 ng/μL. This
trypsin digestion solution is added to the gel slices until they are completely covered and incubated
on ice for 45 minutes. Any leftover solution, not absorbed by the gel-slices was removed. The
digestion buffer was added to completely immerse the gel slices, and incubated overnight (14-16
hours) at 37 ˚C. A solution of 2% TFA (10 μL) was used to stop the trypsin digestion. The solution
containing tryptic peptides were saved, and the gel slices containing longer peptides were sonicated
in presence of 30-50 μL of 50% acetonitrile/5% formic acid followed for 15-20 minutes. This step
was repeated twice for maximum peptide recovery. All the tryptic peptides were finally into a single
vial and concentrated in speed-vac. Once the final volume was about 10 μL, 5 μL of 5% formic acid
was added and stored in freezer until use. Sending the sample through MALDI tested the abundance
and size distribution of the peptides.

2.5 Chromatography and Mass Spectrometry
After digestion, the proteolytic peptides were processed using a C18 ZipTip® (Millipore)
before mass analysis using standard protocols. Reversed-phase chromatography was performed
using Waters’ XBridge HPLC columns (Frankel et al., 2012). Briefly, the C18 columns, 3.5-μm, 2.1
× 100 mm were used with a flow rate of 200 μL/min. The mobile phases consisted of 95:5 water :
acetonitrile with 0.1% formic acid aqueous phase and a 95:5 acetonitrile : water with 0.1% formic
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acid organic phase. The organic phase composition was 10% for the first 5 min,
incremented to 20% for the next 10 min (total time 15 min), then to 50% for the next 25 min (total
time 40 min), incremented to 80% in the next 35 min (total time 75 min), held at 80% for 10 min
after which, it was again ramped to 10% in 5 min and a 10 min hold to equilibrate the column (total
time 100 min).
The sample from HPLC was automatically injected into ESI inlet system. The inlet system
was enclosed in a jacket known as an ESI probe. The inlet system employed a metal needle in which
a capillary containing fine fused silica was inserted, in this capillary the analyte solution from HPLC
was pumped in. The capillary was set at a temperature of 275 ˚C and the source voltage at 5 kV. ESI
probe contaied two gases (a sheath gas and an auxiliary gas). Sheath gas runs in the center of the
nozzle, but outside the needle and came in contact with this gas only at the end of the metal needle.
The auxiliary gas ran in the ESI nozzle (through and outer ring). These gases were set at a pressure
of 18 and 5 respectively. Nitrogen was used as both sheath (for droplet formation) and auxiliary (for
humidity control) gases. The FT-ICR was set to positive ion scan at a 100K resolution (100K at m/z
400). Six largest ion scans are acquired at a time after ESI (precursor ions). The machine settings for
CID (Thermo Scientific) scans were set to an isolation width of 2 and normalized collision energy
of 35. Once the tandem mass spectra for these ions were acquired twice, these ions were set in
exclusion list for 30 seconds. Charge state screening is performed using monoisotopic precursor
selection. The tandem mass mass spectrometry was performed in collaboration with Dr. Larry
Sallans and Dr. Patrick Limbach from the University of Cincinnati, Rieveschl Marshall Wilson mass
spectrometry facility.
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2.6 Determination of Crosslinks
Identification and analysis of peptides containing crosslinked products based on their mass
modifications were performed using two softwares, (1) MassMatrix online and PC search engines
(Xu and Freitas, 2007a, 2009) and (2) StavroX (Gotze et al., 2012).
A FASTA library containing PsbO, PsbP, PsbQ, and PsbR proteins was searched for both
1M NaCl and 1M CaCl2 extracts in BS3 and EDC crosslinking experiments. Both the experiments,
had a decoy library that contained the same proteins but with reversed amino acid sequences. For
the identification of crosslinked products using MassMatrix search engine, peptides were selected if
their P value was ≤0.001, and for StavroX, their scores were required to be 3X of their false
discovery rate (FDR). In each case, the peptides were required to exhibit 0% hits to the decoy library
for further consideration.
2.7 MassMatrix Search Parameters

MassMatrix is a probabilistic scoring model which is very sensitive in providing mass
accuracy. It is a statistical tool that helps in searching for disulfide and chemically crosslinked
species. Additionally, it can also be used to find mass modification in case of post-translational
modifications including oxidative modifications. The following settings were used for the BS3
crosslinking data analysis.
Variable modification: only methionine, Maximum number of variable PTM/peptide: 2
Mass Spectrometer Parameters: peptide tolerance 5ppm, MS/MS tolerance 0.8 Da
Crosslink Search options: BS3 (K, T, Y, S and N-terminus)
Crosslink Search mode: exploratory, Crosslink sites cleavability: Non-cleavable by enzyme
Max # of crosslink per peptide: 2, Enzymes: Trypsin, chymotrypsin, Tryp/Lys C
Fixed Modifications: Iodoacetic acid, Carboxymethyl of C
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Parameters for output: Peptide length 3 to 40 amino acid
Min pp score: 5.3, Min pp_tag score: 1.3, Quantitation options: none
A FASTA library of up to three proteins was used in the PC version of MassMatrix, and any number
of proteins in case of web-version of MassMatrix.

2.8 Modeling of PsbP N-terminus
We used a program MODELLER to add secondary structure to the crystallographically
unresolved N-terminus of PsbP. This process required three files for the N-terminal model building
process. (1) An alignment file for the template sequence and target sequence. (2) Structure file (.pdb)
for the template protein. (3) A script file, that assigns the tasks to the program MODELLER. The
generated models were validated for their secondary structures by Ramachandran analysis using the
program PROCHECK, and analyzed further for their z-scores with the program PROSA-II. For
sequence alignments, and the scripts used in protein modelling, please refer to the Appendix.

2.9 Testing Refined Models for their Stereochemistry
The models obtained for PsbP and PsbO, unconstrained and distance-constrained (as both
helix and random coil at N-terminus for PsbP), were optimized to minimize their energies. The best
structures were carefully selected based on their DOPE scores, which refers to discrete optimized
protein energy, or the energy of the protein models, which satisfied the spatial restraints. DOPE is
an atomic distance-dependent statistical potential (Shen and Sali, 2006), which calculates these
scores considering the sample’s native structure and atom types. It is based on a reference theory
that assumes that the reference state has a uniform density and finite size. Thus these scores are
dependent on the non-interacting atoms in a uniform/homogenous sphere obtained from the native
structures of the proteins in a size-dependent manner.
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CHAPTER 3
USE OF PROTEIN CROSSLINKING COUPLED TO TANDEM MASS
SPECTROMETRY TO ELUCIDATE PsbP AND PsbQ INTERACTIONS IN SPINACH
PHOTOSYSTEM II
3.1 Introduction
PSII is a water splitting enzyme that works as a light energy driven water-plastoquinone
oxidoreductase. It consists of at least 20 proteins, of which 17 of them are intrinsic membrane
proteins and at least 3 of them are very important extrinsic components required for water oxidation.
In higher plants and algae, PSII subunits are encoded by both chloroplast and nuclear genomes. The
intrinsic membrane proteins of PSII D1, CP47, CP43, D2, Cyt b559 α and β are encoded by the
chloroplast genes psbA, psbB, psbC, psbD, psbE and psbF respectively. However the plant nuclear
genes encode the extrinsic proteins PsbO, PsbP, PsbQ and PsbR. The extrinsic proteins PsbO, PsbP
and PsbQ are absolutely required for maximal rates of oxygen evolution at physiological
concentrations of inorganic cofactors, Ca+2 and Cl-. They are critically important in protecting the
Mn4CaO5 (metal cluster) from exogenous reductants.
The cyanobacterial PSII structure has been resolved at 1.9Å resolution; and acts as a primary
reference in understanding the structure and location of PSII subunits in higher plants. Due to
differences in the cyanobacterial and higher plant PSII, these structures are not always appropriate
for higher plant PSII studies; nevertheless, they still are very good starting point to understand the
organization of higher plant PSII proteins. The intrinsic membrane core proteins are very similar in
both of these species, with 80% sequence similarity. On the lumenal face however, the protein
composition is different. Cyanobacteria contains PsbO, PsbU, PsbV, CyanoP, CyanoQ and Psb27
on their lumenal side of PSII while higher plants contain PsbO, PsbP and PsbQ. CyanoP and CyanoQ
are structural homologs of PsbP and PsbQ. Functionally however, PsbU and PsbV from
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cyanobacteria are similar to higher plant PsbP and PsbQ. Additionally, cyanobacterial X-ray crystal
structure of PSII consists of PsbO, PsbU and PsbV lumenal proteins only (and not CyanoP and
CyanoQ), and thus locations of other proteins remain obscure, and the binding location of higher
plant extrinsic proteins is unknown. In this section, results from higher plant PsbP and PsbQ proteins
are discussed.
High resolution crystal structures for isolated PsbP are available from tobacco (Nicotiana
tobaccum PDB ID: 1V2B (Ifuku et al., 2004)), spinach (Spinacia oleracea PDB ID: 2VU4 (Kopecky
et al., 2012)) cyanoP of cyanobacteria (structurally similar to PsbP, PDB ID: 2XB3 (Michoux et al.,
2010)). Alignment of all these structures showed at least three unresolved domains. The N-terminal
unresolved segment is particularly interesting, this region is suggested to interact with PSII
membrane proteins by crosslinking studies and mutants analysis in spinach (cite). These structures
were obtained from the soluble proteins overexpressed in E.coli and hence they do not represent the
actual conformations in their bound state to PSII. Recently, a new crystal structure of PsbP from
spinach is available at 1.8 Aͦ resolution became available (Cao et al., 2015), this structure contains
two Mn ions bound to PsbP. Two of the previously unresolved segments,
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K-107V and

134

R-139D

were found to be stabilized in the presence of Mn ions, and hence were resolved as loops in this
structure, 4RTI. PsbP binding to PSII induces conformational changes around the Mn 4CaO5 cluster
(Tomita et al., 2009). Absence of PsbP (along with PsbQ) leads to deviation in oxygen evolution
ability and hence alterations to electron transport from QA- to QB (Roose et al., 2010; Yi et al., 2007).
The N-terminus of PsbP is important for its binding to PSII and oxygen evolution activity. Two
mutants, ∆19-PsbP and ∆15-PsbP could not activate oxygen evolution at physiological calcium
concentrations. Additionally, it was recently determined that the binding of PsbP induces
conformational changes in PsbE (α-subunit of Cyt b559, a core subunit of PSII) (Nishimura et al.,
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2016). EDC crosslinker studies identified a crosslink-residue pair between 1A PsbP and 57D PsbE
residues (Ido et al., 2012). EDC is a zero length crosslinker, suggesting that these two residues are
in van der Waals contact. Additionally, the functional importance of the PsbP C-terminal residues
in proper positioning of N-terminus has been hypothesized to support its interaction with Cyt b559
(Ido et al., 2012). Release-reconstitution experiments demonstrated that binding of full length PsbQ
to ∆19-PsbP could partially restore calcium retention, and oxygen evolution process (although FTIR
studies have not been done on this mutant to understand structural changes around the Mn4CaO5
cluster). Removal of PsbP and PsbQ in higher plants induced a conformational change that caused
CP29 to move 12 Å towards the PSII core in the super-complexes (Boekema et al., 2000). These
results further support the importance of PsbP and PsbQ in structural organization of PSII.
The X-ray crystallography of the extrinsic proteins PsbP and PsbQ in their PSII-bound forms
is not available, and hence the locations of these proteins remain unknown. Cyanobacterial PSII
crystal structure provided enormous information about the intrinsic membrane proteins and the
location of PsbU, PsbV and PsbO. This X-ray crystal structure, 3WU2, lacks CyanoP and CyanoQ
proteins (the structural homologs of PsbP and PsbQ). Protein crosslinking studies in cyanobacteria
(Liu et al., 2014) suggests the interaction of CyanoQ with PsbO and CP47, which may or may not
bind to PSII in the same location as the higher plant to PsbP and PsbQ components. The location of
PsbQ was modelled in the groove formed by each PSII monomer, such that the N-terminus of
CyanoQ is located close to CP47 and PsbO, however N-terminal region of CyanoQ is different from
that of higher plant PsbQ (Liu et al., 2014). This however, is not directly applicable to higher plant
PsbQ, since CyanoQ and PsbQ are only structurally similar, however PsbQ is functionally more
comparable to PsbV of cyanobacteria. Thus the crystal structure 3WU2 is only a good reference to
understand structural organization of intrinsic membrane proteins which are about 80% similar to
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their higher plant forms. Hence, binding location of higher plant extrinsic proteins to PSII is still
unavailable and needs future attention.
In this dissertation, spinach is used as a model organism for higher plants to understand the
relative positioning of these extrinsic proteins to PSII. The method used for this process is protein
crosslinking coupled to high-resolution tandem mass spectrometry. The results from the crosslinker
BS3 related to PsbP and PsbQ are shown in this section. These results have been published in the
Proceedings of the National Academy of Sciences, USA (Mummadisetti et al., 2014). This work was
performed in collaboration with Dr. Patrick Limbach and Dr. Larry Sallans, University of Cincinnati.
In this dissertation, higher plant PsbP is shown in different shades of pink and magenta, PsbQ in
different shades of green and PsbO in shades of blue (shown in chapter 4).
Our protein crosslinking results on the PsbP and PsbQ extrinsic proteins indicate, (1) the Nterminus of PsbP, unresolved in the current X-ray crystal structures, forms a compact structure and
associates with the C-terminal domain of the protein (2) the interacting domains of PsbP and PsbQ
forming a framework in PSII (3) interacting domains and orientation of the two copies of PsbQ from
different PSII monomers.
Results and Discussion
3.2 BS3 CrossLinking reveals Inter- and Intra-Protein Associations
The FIGURE. 3.1 illustrate the results observed upon treatment of PS II membranes with
varying concentrations (0 mM – 10 mM) of the crosslinker BS3. These membranes were washed
with 1.0 M NaCl to extract PsbP, PsbQ and their crosslinked products (not crosslinked to the
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FIGURE 3.1. The BS3 Crosslinking of PSII-bound PsbP and PsbQ.
Crosslinker concentrations were 0–10 mM BS3. Illustrated are “Western” blots of PS II membranes
(PS II), crosslniked and dialyzed overnight after 1 M NaCl soluble proteins obtained after
crosslinking of the PS II membranes at the indicated BS3 concentrations. A. Overall protein profile
of the samples, using coomassie blue stain. B and C identify the proteins that cross-react with antiPsbQ and anti-PsbP, respectively. A number of PSII proteins are labeled to the left of panel A for
reference. To the right of panel C, crosslinked products are labeled. Lanes were loaded with 10 μg
of protein except the PS II lane, which was loaded with 10 μg of chl.
membrane proteins or PsbO). These proteins in the soluble phase were concentrated and analyzed
by Lithium dodecyl sulfate (LiDS)–PAGE followed by immunoblotting. Panel A shows coomassiestained proteins. Panel B shows bands for the proteins that reacted with anti-PsbQ and panel C is
probed with anti-PsbP. As expected, in the absence of BS3, no crosslinked products were observed,
and only PsbP and PsbQ were removed from the membranes by high salt (1M NaCl) treatment.
Increasing concentrations of the crosslinker (5–10 mM) led to increased accumulation of a number
of putative crosslinked products (19, 35, 38, and 44 kDa), which were released from the PS II
membranes by salt washing. Immunoblot analysis indicated that the 19-kDa band reacted only with
anti-PsbP, whereas the 35-, 38-, and 44-kDa bands reacted with both anti-PsbP and anti-PsbQ. The
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crosslinked products obtained by treatment with 5 mM BS3 were chosen for further analysis. At 0
mM BS3, both PsbP and PsbQ appeared to exhibit proteolysis in the NaCl-wash extracts. It had been
shown previously that both of these proteins are susceptible to proteolytic attack (Kuwabara et al.,
1986; Miyao et al., 1988). The presence of the crosslinker BS3, however, appeared to suppress this
endogenous proteolytic activity. The crosslinker BS3 has been used extensively in protein
crosslinking studies in a variety of systems. The N-hydroxy-sulfosuccidimyl leaving group reacts
with primary amines and, at low pH, with the hydroxyl groups found in tyrosyl, threonyl, and seryl
residues (Sinz, 2006). The modification of threonyl and seryl hydroxyl groups is relatively
inefficient and may exhibit lower stability (GT, 1996; Sinz, 2006); consequently, in this study, we
have considered only crosslinks involving lysyl, tyrosyl and threonyl residues and the unblocked N
termini.
The TABLE 3.1 shows the crosslinked residues identified in this study by mass spectrometry.
Eleven intra-chain crosslinked products were identified within PsbP, the vast majority of these being
found in the 19-kDa crosslinked protein band. Two crosslinked pairs of residues involving PsbP and
PsbQ were also identified in the 44-kDa protein band. Finally, three crosslinked residue pairs of
PsbQ also were identified from the 44-kDa crosslinked product. All of the crosslinked peptides
identified exhibited extremely low P values ranging from 2.5 × 10−4 to 1.9 × 10−18. The P value of
< 1 x 10-3 is used as a criteria for the crosslinked residues in this study. The quality of the mass
spectrometry is illustrated in the FIGURE 3.2, with a median P value of from the results of
crosslinked residue with the median P value of 7.9 × 10-11. Additionally, the data for highest P value
(2.5 x 10-4) is shown in the FIGURE 3.3 and the lowest P value 1.9 × 10−18 in the FIGURE 3.4.
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TABLE 3.1. Crosslinked Residues of the PSII-Bound PsbP and PsbQ Proteins.
The table consists of all the crosslinks that qualified the criteria of p value < 0.001. Crosslinks within
PsbP forming intramolecular crosslinks are shown as PsbP-PsbP crosslinks, intermolecular
crosslinks are shown as PsbP-PsbQ crosslinks. Internal PsbQ crosslinks consist of crosslinks with
both intra- and inter-molecular crosslinks. The values are mapped back to their respective crystal
structures.

Internal PsbP cross-links

Cross-linked Residues
1
A-174K
1

A-170K

1

173

A-

2

Y-170K

11

K- K

11

14

K- K

11

174

K-

13

K-174K

14
33

174

K-

40

-155

K

K

7.9 x 10-11

NA

-13

NA

1.6 x 10

-8

NA

2.5 x 10

-4

NA

6.3 x 10-5

NA

-16

NA

-9

9.3 Å

-10

14.4 Å

-9

16.9 Å

1.2 x 10

PsbP:93Y-PsbQ:1E

2.0 x 10-13

NA

1.9 x 10

-18

NA

6.3 x 10

-18

NA

K- K

2.0 x 10

-13

8.5 Å

K-133Y

1.0 x 10-8

33.1 Å

-15

30.0 Å

5.0 x 10-15

16.9 Å

96

1

97

1

PsbP: T-PsbQ: E
53
98

NA

1.9 x 10

PsbP: K-PsbQ: E
Internal PsbQ cross-links

NA

6.3 x 10

K

Crystal Structure Distance
NA

-11

5.0 x 10

K

157

K-

K

2

3.9 x 10-13

1.2 x 10

K

K-

P-Score
7.0 x 10-5

1.5 x 10

13

174

40

PsbP – PsbQ cross-links

K

1

96

101

133

K-

125

K-133Y

128
126

133

T-

Y

Y

133

S-

1.0 x 10
7.9 x 10

Y

-15

3.16 x 10

-14

9.0 Å
8.0 Å

NA, not applicable, as residues were not resolved in the crystal structure.
1
Probability that the peptide match is a random occurrence.
2
Distances reported for the crystal structure of isolated PsbP (PDB ID code 2VU4) and PsbQ (PBD ID code
1VYK) are measured between the putative crosslinked atoms (amine nitrogens or hydroxyl oxygens).
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FIGURE 3.2. Crosslinked Residues with Median P value (7.9 × 10−11).
Quality of the mass spectrometry used in this study. Shown are the mass spectrometry data obtained
for the median P value of crosslinked residue pair 2Y–170K (TABLE 3.1; P value = 7.9 × 10−11).
A. Mass spectra obtained for this peptide. Identified ions are shown in red; those not identified
(predicted ions) are in black.
B. Table of predicted ions from this peptide. Identified ions are shown in red; those not identified
are in black. Note the nearly complete y- and b-ion series obtained.
C. Heat map that assists in the identification of crosslinked species. The identified peptide is shown
in red. The PsbP tyrosyl-residues are shown on the y axis, and lysyl residues are shown on the x
axis.
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FIGURE 3.3 The Crosslinked Residues with the Highest P Value (7 × 10−4).
Shown are the mass spectrometry data obtained for the highest P value (used in this study) of
crosslinked residue pair from PsbP 11Y–174K (TABLE 3.1; P value = 7.9 × 10−11). (A) Heat map
assisting in the identification of crosslinked residues. (B) Mass spectra obtained for this peptide.
Identified ions are shown in red; those not identified (predicted ions) are in black. (C) Table of
predicted ions from this peptide. Identified ions are shown in red; those not identified are in black.
Note the nearly complete y- or b-ion series obtained. The PsbP: 11K is shown on the y axis, and 174K
on the x axis.
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A
.

FIGURE 3.4. Crosslinked Residues
with the Lowest P Value (1.9 ×
10−18).
Shown are the mass spectrometry data
obtained for the highest P value (used
in this study) of crosslinked residue
pair from PsbP: 96K– PsbQ: 1E
(TABLE 3.1; P value = 1.9 × 10−18).
(A) Mass spectra obtained for this
peptide. Identified ions are shown in
red; those not identified (predicted
ions) are in black. (B) Heat map
assisting in the identification of
crosslinked residues. (C) Table of
predicted ions from this peptide.
Identified ions are shown in red; those
not identified are in black. Note the
nearly complete y- or b-ion series
obtained. The PsbP: 11K is shown on
the y axis, and 174K on the x axis.

B
.

C
.
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The “Western” blots suggest that the 19-kDa band was the result of intra-chain protein
crosslinking. Subsequent mass spectral analysis indicated that no proteolysis was evident, as we
obtained complete MS sequence coverage for both the N- and C-termini. The three higher mass
bands contained PsbP and PsbQ and represent inter-chain crosslinked products. The 19- and 44-kDa
crosslinked products were most abundant and were chosen for further analysis.

3.3 The N-Terminus of PsbP Associates with C-Terminal Domains, Analysis of 19kDa
Band
Elucidation of the structure of the N- terminus of PsbP is critical for understanding the
function of this component. The N terminus is required for the efficient binding of PsbP to the
photosystem and for its function (Ifuku and Sato, 2001) in lowering the calcium and chloride
requirement for oxygen evolution (Demetrios F. Ghanotakis, 1985; Ghanotakis et al., 1984b; Miyao
and Murata, 1984). Unfortunately, this important domain is not resolved in the current crystal
structure of unbound PsbP (Kopecky et al., 2012) (PDB ID code 2VU4). Our observation that after
crosslinking, PsbP, which normally migrates at 24 kDa, is observed to migrate at 19 kDa (FIGURE
3.1) indicates that BS3 treatment prevents complete unfolding of the protein in the presence of LiDS
and suggests that PsbP, when associated with the membrane, has a compact structure. Mass
spectrometry data demonstrate that the N-terminal domain (1A–15N) of PsbP is closely associated
with the C-terminus (170K–186A) of the protein. Nine independent crosslinked products were
identified that demonstrate this association; these are shown in TABLE 3.1. The active radius of
BS3 is 11.4 Å, and hence the crosslinked residue-pairs indicate that these residues of PsbP are within
11.4 Å of each other in the PSII-bound state. This information places strong constraints on the
structures of PsbP that can it can attain in its bound state. Additionally, two other residue pairs of
PsbP, 40K - 155K and 40K - 157Y, were also identified. These residues are 14.3 – 16.3 Å (including
rotamers) apart in the PSII unbound-PsbP (PDB: 4RTI) indicating that a conformational change of
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3–5 Å occurs in this region of the protein upon its binding to PS II complex. The residue-pairs PsbP:
40

K – PsbP:

155

K and 40K – PsbP:

155

K are showin in FIGURE 3.5 and FIGURE 3.6 respectively.

Similar apparent conformational change (Ido et al., 2014) was observed between the residues

115

E

and 173K of PsbP. These residues were crosslinked with EDC, a zero-length crosslinker, indicating
that a conformational change of 7.4 Å occurs in this region of the protein when it associates with the
photosystem.

FIGURE 3.5. Conformation Changes upon PsbP Binding to PSII.
Crosslink residue-pairs 40K - 155K are shown in spheres. The distance between 40K and 155K when
mapped on to the crystal structure, 4RTI, is 17 Å, and 14 Å -17 Å considering all rotamers. An
increase of 2.6 Å – 6 Å distance between these residues on PsbP binding to PSII. PsbP (4RTI)
structure is shown in pink, and the N-terminal residues are shown as spheres.
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FIGURE 3.6. Conformation Changes upon PsbP Binding to PSII.
Crosslink residue pair 40K - 155K are shown in spheres. The distance between 40K and 155K when
mapped on to the crystal structure, 4RTI, is 17 Å, and 14 Å -17 Å considering all rotamers. An
increase of 2.6 Å – 6 Å distance between these residues on PsbP binding to PSII. PsbP (4RTI)
structure is shown in pink, and the N-terminal residues are shown as spheres.

Secondary structure analysis using the Genesilico Metaserver (Kurowski and Bujnicki, 2003)
of the unresolved N-terminal domain of PsbP indicates that it is likely that this region assumes either
an α-helical or a random coil secondary structure. Given the strong distance constraints provided by
the observed inter-chain PsbP crosslinked products, molecular dynamic refinement can provide
useful models for the structure of the N-terminus of PsbP. The program MODELLER (Eswar et al.,
2007) was used to produce the structures shown in FIGURES 3.7 and 3.8.
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FIGURE 3.7. Molecular dynamic Refinement for the N-terminus of PsbP.
Shown are the top 10 low energy models (in different shades of purple) for both A. N-terminal
random-coil structure shown without distance constraints, B. random-coil structure incorporating
the distance constraints shown in TABLE 3.1. Residue 1A is shown as spheres, C-terminal 186A
shown with orange arrows. Spinach PsbP PDB: 4RTI is shown in red.
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FIGURE 3.8. Molecular Dynamic Refinement of the N-terminus of PsbP
Shown are the top 10 low energy models (shown in different shades of purple) for both
A. N-terminal α-helices shown without distance constraints, B. α-helices incorporating the distance
constraints shown in TABLE 3.1. Residue 1A is shown as spheres, C-terminal 186A shown with
orange arrows. Spinach PsbP PDB: 4RTI is shown in red.
Similar to FIGURE 3.7 (B), 1A is located in very similar positions, again indicating that the N
terminus of PSII-bound PsbP has a compact structure.
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In both instances, all 10 predicted structures exhibit similar low discrete optimized protein
energy scores (∼–17,000). Importantly, regardless of the type of N- terminus modeled (α-helical or
random coil), the location of the N-terminal residue 1A is located in very similar positions. This data
indicates that PsbP assumes a compact structure when the protein is associated with the PS II
complex. It had been suggested that the unresolved N- terminus might form an extended structure
when associated with the PS II core complex (Bricker et al., 2012; Ido et al., 2014); this, apparently,
is not the case. Residue 1A has been shown to directly interact with PsbE: 57E (Ido et al., 2012; Ido
et al., 2014); consequently, our results indicate that PsbP must be in close proximity to PsbE and
CP47.
The active radius of BS3 is 11.4 Å, and hence the crosslinked residue-pairs indicate that these
residues of PsbP are within 11.4 Å of each other in the PSII-bound state. This information places
strong constraints on the structures of PsbP that can it can attain in its bound state. Additionally, two
other residue pairs of PsbP, 40K - 155K and 40K - 157Y, were also identified. These residues are 14.3
– 16.3 Å (including rotamers) apart in the PSII unbound-PsbP (PDB: 4RTI) indicating that a
conformational change of 3–5 Å occurs in this region of the protein upon its binding to PS II
complex. The residue-pairs PsbP: 40K – PsbP: 155K and 40K – PsbP: 155K are showin in FIGURE 3.5
and FIGURE 3.6 respectively. Similar apparent conformational change (Ido et al., 2014) was
observed between the residues 115E and 173K of PsbP. These residues were crosslinked with EDC, a
zero-length crosslinker, indicating that a conformational change of 7.4 Å occurs in this region of the
protein when it associates with the photosystem.
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3.4 PsbP and PsbQ Are Closely Associated
Both PsbP and PsbQ bind to PS II with extremely high affinity (low nM K ds), and their
removal requires high salt concentrations or markedly elevated pH conditions (Mitsue Miyao, 1989).
The direct interaction between PsbP and PsbQ has been proposed by a number of investigators.
Reconstitution studies have indicated that PsbQ cannot bind to the photosystem in the absence of
PsbP (Ghanotakis, 1991; Mitsue Miyao, 1989). PsbQ appears to stabilize the structural and
functional interaction of PsbP to PS II. An N-terminal 15-amino-acid residue-truncated PsbP cannot
bind to PS II in the absence of PsbQ but can bind in its presence. And most importantly, in the
presence of PsbQ, the function of the truncated PsbP is partially restored (Ifuku and Sato, 2002;
Kakiuchi et al., 2012) suggesting that PsbQ probably helps in aligning and proper binding of PsbP
to PSII.
Analysis of the 44-kDa crosslinked band (FIGURE 3.1) allowed the identification of an
interacting domain between the PsbP and PsbQ subunits. Three residues PsbP:97T, PsbP:96K and
PsbP:93Y were crosslinked to PsbQ:1E within this domain with the BS3 crosslinker, indicating that
these residues of PsbP and PsbQ are within 11.4 Å (TABLE 3.1). The FIGURE 3.9 illustrates one
of the many possible models of this interaction. These residues of PsbP, 93Y, 96K, and 97T are located
in the 17-residue loop 3A of PsbP (89G–105S), which is found crosslinked to the N-terminal 1E of
PsbQ. This loop of PsbP was unresolved in the previous crystal structure of the unbound PsbP (PDB:
2VU4) however, was apparently stabilized in presence of manganese and, consequently, the
structure of this loop domain has been determined in the current PsbP crystal structure (PDB: 4RTI).
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FIGURE 3.9. Interacting Domains of PsbP and PsbQ.
Schematic illustration of one possible model for BS3 crosslinked residues between PsbP and PsbQ.
PsbP is shown in pink, and PsbQ in green. Residues PsbQ: 1E (shown in green), PsbP: 93Y, 96K and
97
T (in yellow, blue and orange) are shown as spheres. N-terminal 1A of PsbP and 1E of PsbQ are
labelled as pink and green spheres respectively.

The three crosslinks between PsbP and PsbQ are concurrent with both the PsbP structures
with PDB IDs: 2VU4 and 4RTI. This close association of PsbQ with PsbP might explain the
observation that the PsbQ helps in the stability of PsbP binding and function (Ifuku and Sato, 2002;
Kakiuchi et al., 2012). This is the first report showing the interacting regions of PsbP and PsbQ in
photosystem II.
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3.5 Observation of a PsbQ-PsbQ Dimer
From the 44-kDa band, six crosslinked residue-pairs were identified within PsbQ (TABLE
3.1). Three of these,

53

K–

96

K,

128

T–

133

Y and

S–

126

133

Y are fully consistent with the unbound

crystal structure of PsbQ (1VYK), as these residues are located 8.5 Å, 9.0 Å and 8.0 Å respectively
(FIGURE 3.10 and 3.11). The other three crosslinked residue pairs are
101

K–

133

Y. One of these residues,

125

K–

133

K–

125

133

Y, 98K– 133Y and

Y, is 16.9 Å when mapped onto the 1VYK crystal

structure shown in FIGURE 3.10. Based on the cross linker’s arm-length (11.4 Å), this data suggests
a possible conformational change within PsbQ occurs upon its binding to PSII.

FIGURE 3.10. Intra-Molecular Crosslinked-Residues of PsbQ.

Crosslinked residue pairs are indicated. 133Y is shown in yellow, 125K in skyblue, 126T in light-orange
and 128S in light-blue.
The other two crosslinked-residues

98

K–

133

Y and

101

K–

133

Y, however, are significantly

more difficult to explain. In the crystal structure 1VYK, these residue pairs are located at a distance
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of 33.1 Å and 30 Å, respectively (see FIGURE 3.9). The crosslinker BS3 cannot span this distance,
unless an unprecedented change in the conformation of PsbQ occurs upon its binding to PSII,
bringing these residues in crosslinker’s active radius within a single PsbQ molecule. This is highly
unlikely. Consequently, it is hypothesized, that these crosslinked residues represent interactions
between two different PsbQ molecules. Previous studies (Liu et al., 2014) had identified similar
results in cyanobacterial PSII, where two copies of CyanoQ (one from each monomer) were
suggested to have crosslinked in their bound state to PSII. The GRAMM-X (Tovchigrechko and
Vakser, 2005) and ZDOCK (Mintseris et al., 2007) programs were used to model this interaction
using PsbQ (1VYK) crystal structure and the distance constraints imposed by the crosslinker (<11.4
Å). One of the possible models is shown in the FIGURE 3.10. The two PsbQ monomers associate
in an antiparallel configuration, these two PsbQ copies fulfill the crosslinker length requirements,
only when these two monomers are placed at an angle (not in symmetry). Thus one end of these two
copies are closer to each other than the other end.
Conclusions
This chapter described important sets of results, expanding knowledge of our current
understanding of PsbP and PsbQ proteins in higher plants. The method of protein crosslinking
coupled to high-resolution tandem mass spectrometry is extremely useful in providing structural
information in the absence of X-ray crystallography data. High mass accuracies using high resolution
mass spectrometers and critical analysis of the identified ions is important to obtain near accurate or
high quality structural information. The coverage of PsbP and PsbQ is greater than 90% in these
experiments (see FIGURE 3.11), and the quality of spectra based on the identified ions is presented
above. These proteins, PsbP and PsbQ, are important for oxygen evolution and ion-retention in PSII
around the Mn4CaO5 cluster.
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FIGURE 3.11. BS3-Crosslinked Residues of PSII Bound PsbQ.
A. Crosslinked residue-pairs 53K – 96K. B. Crosslinked residue-pairs 98K – 133Y and 101K – 133Y,
mapped onto the PsbQ crystal structure, 1VYK. Lysyl- residues are shown in skyblue spheres,
tyrosyl- residue in yellow and N-terminal 1E in green spheres.
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Mummadisetti et al., 2014
FIGURE 3.12. Interacting Domains from Two PsbQ Monomers.
A model suggesting interacting domains observed upon PSII crosslinking with BS3. The two
copies of PsbQ are shown in light and dark green. The model is generated using GRAMM-X
program. Lysyl residues are shown in blue and tyrosyl residues in yellow spheres. Residue PsbQ:
1
E is labelled for each PsbQ monomer.
Conclusions Cont…
The structure of the N-terminus of PsbP, is highly important for its binding to PSII. This structure is
not determined in any of the PsbP X-ray crystal structures from different photosynthetic organisms.
The results described here, identified several residues within the N-terminus of PsbP crosslinked to
the C-terminus of PsbP, suggesting a non-extended N-terminus, and that it has a compact structure.
Additionally these results identified two residue-pairs from PsbQ, which are > 30 Å apart on PsbQ
structure, 1VYK, much farther than the crosslinker’s active crosslinking radius. Hence we
hypothesized that these reisudes are not from a single PsbQ, rather, these residues are contributed
by two separate PsbQ copies from two PSII monomers. Protein crosslinking with BS3 also identified
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a few residues in PsbP and PsbQ which are 14 Å – 16 Å apart, suggesting a conformational change
within PsbP and PsbQ upon binding to PSII (based on their current unbound forms of crystal
structures). Furthermore, the interacting domains of PsbP with PsbQ have also been identified which
provides a framework for understanding the structural and functional interactions between these two
subunits. These results will be very helpful in formulating global models of higher plant PSII.

FIGURE 3.13. PsbP and PsbQ Sequences Identified by MassMatrix.
The amino acid residues coded in different colors represent sequence tags. The letters in blue, green,
red or yellow indicate the identified residues in one or more peptides in a protein. Letters in blue
indicate, consecutive y-ions whose mass difference equals the mass of the amino acid residue,
similarly green corresponds to consecutive b ions, red corresponds to consecutive b and y ions and
yellow represent the identified b or y ions which are not consecutive on a peptide.
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CHAPTER 4.
USE OF PROTEIN CROSSLINKING AND TANDEM MASS SPECTROMETRY TO
ELUCIDATE THE STRUCTURE OF PsbO WITHIN HIGHER PLANT PSII
4.1 Introduction
The water oxidation machinery of PSII (OEC) is an ensemble of a Mn4CaO5 cluster along
with the ligands provided by intrinsic membrane proteins. PsbO is essential for the stability of this
cluster and ion retention process at the OEC (Bricker and Frankel, 1998). This protein is uniformly
present in all oxygenic organisms along with PsbU, PsbV, CyanoP and CyanoQ (in the
cyanobacteria), or with PsbP, PsbQ and PsbR (in higher plants). In red algae, extrinsic proteins
consist of PsbO, PsbU, PsbV and PsbQʹ, diatoms, however, have all the red algal extrinsic proteins
along with Psb31 (Okumura et al., 2008).
Until recently, the crystal structures of PSII have been available only from thermophilic
cyanobacteria (Ferreira et al., 2004; Guskov et al., 2009; Kamiya and Shen, 2003; Loll et al., 2005;
Suga et al., 2015; Umena et al., 2011; Zouni et al., 2001). Recently, a red algal PSII crystal structure
from Cyanidium caldarium has been presented with a resolution of 2.76 Å (Ago et al., 2016).
Although red algae are eukaryotes, they do not lie on the green plant lineage. Our current
understanding of the organization of the extrinsic proteins from higher plant has principally been
from the cyanobacterial crystal structure, and thus interactions of PsbP, PsbQ and PsbR proteins,
which are not present in cyanobacteria, with PSII are not well understood. The structure of higher
plant PsbO has been approximated based on the structure of cyanobacterial PsbO, which is present
in the PSII crystal structure. In higher plants, biochemical evidence suggests a second copy of PsbO
per PSII monomer (more details in Chapter 1, Introduction). With the lack of higher plant PsbO
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crystal structure and a sequence identity of only ~40% between cyanobacterial and higher plant
(spinach) forms of PsbO, studies relating directly to higher plant PsbO are required.
In this section, we have used protein crosslinking by EDC coupled to tandem mass
spectrometry to elucidate the structure of higher plant PsbO in its bound form to PSII. Twenty-four
intramolecular crosslinked products were identified within the PsbO protein. These experiments
allowed the modeling of the N-terminus of higher plant PsbO, which contains a ten amino-acid
extension not seen in cyanobacterial PsbO. Subsequently, it helped in identifying the structure and
location of the two binding determinants required for its complete binding to PSII region (Popelkova
et al., 2002a; Popelkova et al., 2002b).

4.2 Results
In our experiment, PSII membranes from fresh market spinach were obtained and suspended
at 2mg Chl/mL in the SMN buffer and frozen at -80˚C until use. Protein crosslinking was performed
using a crosslinker concentration of 6.25 mM of EDC with 5 mM of N-hydroxy sulfo succinamide
(sulfo-NHS) in the crosslinking buffer. The reaction was carried out in the dark, at room temperature
for two hours with occasional shaking of the vial. The reaction was quenched using 100 mM
ammonium bicarbonate and incubation for 20 minutes at room temperature (Refer Chapter 2 on
Materials and Methods for details). The crosslinked PSII membranes were initially washed with 1.0
M NaCl to remove PsbP, PsbQ and any crosslinked forms of these subunits not crosslinked to either
the intrinsic membrane proteins or PsbO. Immunoblotting of the soluble fraction from the 1.0 M
NaCl extracts, did not yield any crosslinked products (data not shown). The NaCl-washed PSII
membranes were then washed with 1.0 M CaCl2 in SMN buffer. The soluble fraction from these
membranes were analyzed by LiDS-PAGE following by immunoblot analysis.
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FIGURE 4.1. EDC Crosslinking of PsbO bound to PSII.
The crosslinking was performed using the protocols described in the Chapter 2, Materials and
Methods. Illusterated are the immunoblots from 1.0 M CaCl2 extracts obtained by washing
crosslinked PSII membranes (after intial washing with 1.0 M NaCl, immunoblots from NaCl did not
yield any crosslinked product, and hence are not shown here). From left to right: SP refers to standard
proteins, OEP or Oxygen evolving preparations are the intact PSII, crosslinked membranes or
supernatants at 0 mM and 6.25 mM concentration of EDC. The first panel was stained with
Coomassie Blue, and the next three lanes with antibodies against PsbP, PsbO and PsbQ, labelled at
the bottom of the figure.

The FIGURE 4.1 illustrates the analysis of these CaCl2-washed membranes and supernatants
by LiDS-PAGE and “Western” blotting. Panel A, was stained with Coomassie blue after transferring
the proteins onto a PVDF membrane. The rest of the panels were probed with either α-PsbP, α-PsbO
or α-PsbQ antibodies. EDC crosslinker concentrations are represented as 0 mM (control) and 6.25
mM (for EDC + Sulfo-NHS). SP refers to the standard proteins.
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Protein crosslinking identified several crosslinked products. The α-PsbO and α-PsbQ
antibodies detected bands in membrane lanes in addition to the supernatant lanes. The extrinsic
proteins (PsbO, PsbP and PsbQ) can be extracted from PSII under high salt conditions, 1M CaCl2 in
this case. The “Western” blots also identified a protein band (orange arrows) that migrates between
PsbP and PsbO proteins, not seen in the control lane. This band had an apparent molecular mass of
25 kDa and is only seen in the panel probed with α-PsbO (and not in α-PsbP or α-PsbQ). Since this
band migrates below PsbO and is detected only by α-PsbO, it is either a degraded PsbO or a
crosslinked product of PsbO. The protein yield of this band was high (μg levels), and is also seen as
a thick band on coomassie-stained panel, hence it was chosen for further analysis by tandem mass
spectrometry.
For Mass Spectrometry, the 25 kDa band was excised from the Coomassie Blue stained gel,
and subjected to proteolytic digestion with either Trypsin or Trypsin + Lys C. These enzymes digest
the proteins at the C-terminal end of either arginine or lysine, unless either is followed by a proline.
Post digestion, the peptides were extracted from the protein bands, which were then sent through a
C18 ZipTip® to concentrate the sample, purify it from any gel fragments or left over Coomassie Blue
stain and for better separation of the peptides in HPLC. The concentrated peptide samples were sent
through a reverse phase column followed by tandem mass spectrometry or MS/MS (ESI- LTQ FT).
Mass spectrometric analysis indicated that the 25 kDa band was indeed the PsbO protein, with 100%
coverage, and complete coverage of C- and N-terminus of the PsbO sequence, suggesting no
degradation of the protein. Thus, 25 kDa appears to result from internal crosslinking of PsbO with
EDC.
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4.3 Identification and Analysis of Crosslinked Products
The mass modifications were analyzed by two programs, MassMatrix online search engine
(Xu and Freitas, 2009), and StavroX, ver. 3.4 (Gotze et al., 2012). A FASTA library, containing the
proteins PsbO, PsbP and PsbQ, and the decoy library containing the same proteins, however, with
their sequences reversed (to avoid false positives), were used for crosslinks search. Criteria of P
values <0.0001 were used for MassMatrix searches of crosslinked peptides. In case of StavroX
however, a non-probabilistic scoring system, the peptides were searched for a score >100.
Additionally the scores of the crosslinked residues greater than or equal to 3*(FDR) were further
evaluated. FDR corresponds to a score at which false discovery is less than 5%, which means that
the chances of occurrence is >95.5%. And, a score of hundred is suggested to have a false discovery
of less than 2% (Gotze et al., 2012).
The crosslinked residues from the 25 kDa band identified twenty-four intra-chain crosslinked
products within PsbO. The crosslinks identified from MassMatrix program demonstrated very low
P values ranging from 1 x 10-4 to 5 x 10-10. The TABLE 4.1 summarizes the crosslinked products
identified using MassMatrix and StavroX. For most of the crosslinked products observed, analogous
residue pairs are present in cyanobacterial PsbO, and are shown in the last column of the TABLE
4.1. As expected, these residues from cyanobacterial PsbO had their Cα-Cα distances within 12 Å,
further suggesting the structural similarity between cyanobacterial and spinach PsbO supported by
our experimental data.
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TABLE 4.1. EDC-Crosslinked Residues from PSII-Bound PsbO.
Crosslinked residue-pairs identified in CaCl2 extracted PsbO from crosslinked spinach PSII
membranes, by MassMatrix and StavroX programs. Analogous residues from cyanobacteria are
indicated.

PsbO
Crosslinks
4
K -36D
9
D -14K
10
E -14K
14
K -18E
60
K -62E
60
K -234D
62
E -66K
62
E -233K
66
K -71D
66
K -234D
86
D -105K
89
E -105K
97
D -101K
101
K -104E
103
E -105K
105
K -106D
137
K -139E
137
K -144D
180
D -186K
180
D -190K
181
E -186K
181
E -190K
182
E -186K
183
E -186K

StavroX:
1
Score
-172
182
253
-278
----204
221
183
---207
207
224
-223
180
202
202

2

FDR
-52
52
59
-59
----57
59
59
---59
59
59
-59
57
59
59

MassMatrix:
3
P value
6.3 x 10-5
5.0 x 10-7
3.1 x 10-5
2.5 x 10-7
1.0 x 10-8
2.5 x 10-9
1.2 x 10-8
5.0 x 10-7
6.3 x 10-7
5.0 x 10-9
--6.3 x 10-8
1.0 x 10-10
1.9 x 10-9
3.1 x 10-5
---1.0 x 10-4
-----

1

4

Crystal Structure
Distance (Cα-Cα)
5
NA
NA
NA
8.1 Å
5.8 Å
6.9 Å
11.5 Å
9.9 Å
10.8 Å
16.1 Å
12.2 Å
7.2 Å
9.5 Å
9.7 Å
6.9 Å
3.8 Å
9.9 Å
9.0 Å
NA
NA
9.7 Å
14.4 Å
6.2 Å
5.3 Å

A significant score: qualifying crosslinks have a StavroX score >100 and >3x FDR.
FDR, False Discovery Rate: value represents a score at which false discovery is less than
5%
3
P value; calculated by MassMatrix using max (pp1, pp2), pptag.
4
Distances between the corresponding residues in the cyanobacterial PsbO structure of PS II.
5
Not applicable, as no corresponding residues are present.
2
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The FIGURE 4.2 (A) illustrates cyanobacterial PsbO, PDB: 3WU2 (orange) aligned to
spinach PsbO, threaded using cyanobacterial structure as a template. The domains A through E
represent the regions where crosslinked residues were identified, and apparently these domains
(specially A, B, D and E) as seen in FIGURE 4.2 (A) exhibit most differences in the cyanobacterial
(orange) versus higher plant (green) PsbO. The figure 4.2 (B) illustrates the crosslinked residues as
spheres shown in different colors for each domain (A through E). The domain A corresponds to the
residues at the N-terminus of higher plant PsbO (1E-10E), not present in the cyanobacterial PsbO.
Three crosslinked residues were identified in this domain. Additionally, higher plant PsbO lacks an
insertion of eight residues seen in cyanobacteria, known as cyano-loop (De Las Rivas and Barber,
2004), crosslinks were idenfied in the analogous region in spinach near 138P-139E random coil region,
labeled domain ‘B’. Also, β-barrel region, near domain ‘B’, idenfied several crosslinked residues
labeled as ‘C’. Furthermore, crosslinked residues were identified in the region 178R-180D, labeled ‘E’,
a domain missing in cyanobacterial PsbO. This information placed strong distance-constraints on
the probable structures of PsbO and was helpful in proposing higher plant PsbO models.
The FIGURE 4.3 illustrates a representative spectrum, along with the heat map and its b- and y- type
ions for the peptide 6L – 20K of PsbO indicating the quality of the data presented in the TABLE 4.1.
This peptide had an intra-molecular crosslink between the residues

14

K and

18

E. The crosslinked

residue-pair has a median P value of 2.5 x 10-7. As shown in the figure, we obtained a complete b
and y ion series. The gap in the ion series is due to intra-peptide crosslink formation. The intrapeptide crosslink generates a loop in the peptide that is not detected by any of the currently available
softwares (Xu and Freitas, 2009).
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FIGURE 4.2. PsbO from Spinach and Cyanobacteria and Crosslinked Residues Identified in
four Domains.
A. X-ray crystal structure of PsbO from T.vulcanus is aligned to the spinach PsbO. B. The
crosslinked residues were identified in four separate domains. These crosslinked-residues are shown
as spheres on one of the top modelled PsbO incorporating crosslinking-residues distance constraints.
The crosslinked residues at the N-terminal region, extended loop region and cyano loop are the most
interesting. Different colored spheres indicate that the crosslinked-residues were clustered in those
domains.
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FIGURE 4.3. Mass Spectrometry Analysis for the Crosslinked-Residues 14K – 18K.
Shown is the mass spectrometry data obtained for the median P value crosslinked product 14K – 18E
(TABLE 4.1, P value = 2.5 x 10-7).
A. Mass spectra obtained for this peptide. Identified ions are shown in red, those not identified in
black. B. Table of predicted ions from this peptide. Identified ions are shown in red, those not
identified in black. MassMatrix does not identify residues lying between the crosslinked residues.
Note the nearly complete y- and b-ion series obtained. C. Heat map which assists in the identification
of crosslinked species. The identified peptide is shown in red.
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4.4 Protein Modeling
The Clustal Omega (Sievers et al., 2011) sequence alignments for PsbO from spinach and T.
vulcanus identified a sequence identity of 47% and a sequence similarity of ~65 % between the two
organisms. Based on their alignment, spinach PsbO structure was threaded by a homology-modelling
server called SWISS-MODEL (Arnold et al., 2006), using cyanobacterial PsbO as a template. The
secondary structure analysis was performed using the program Genesilico Metaserver (Kurowski
and Bujnicki, 2003) which utilizes eighteen independent algorithms and provides secondarystructure with each algorithms in addition to their combined consensus. PsbO models were
generated using the program MODELLER (Eswar et al., 2007), customized to model the N-terminus
based on the consensus secondary structure prediction obtained from the Genesilico Metaserver and
the distance constraints for all twenty-four crosslinked-residues obtained by EDC crosslinking.
Please note that the higher plant PsbO has a ten amino-acid extension at its N-terminus, which is not
found in cyanobacterial PsbO. Hence the consensus secondary structure is used for its modeling
which suggested a short helix between 7T-10E at the N-terminus of PsbO.
EDC crosslinker forms an amide bond between the primary amines and the carboxylates
within the van der Waals distance (Grabarek and Gergely, 1990; Kunkel et al., 1981). These
interactions were modelled by constraining the Cα-Cα distances upto 12 Å (Rozbesky et al., 2012;
Sriswasdi et al., 2014) shown in the FIGURE 4.4. A total of twenty energy-minimized models were
generated using the program MODELLER. These structures were optimized or energy-minimized
by molecular dynamic refinement protocols either in the absence or presence of the distance
constraints (with or without the N-terminal predicted short-helix). From these, the top ten, lowest
free-energy models were selected. The FIGURE 4.4 (A) illustrates ten lowest-energy models without
any distance constraints obtained from the crosslinking data, FIGURE 4.4 (B) illustrates the models
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FIGURE 4.4. Spinach PsbO Modelled using MODELLER.
Shown are the top 10 models for A. No EDC-crosslinking distance constraints incorporated, and B.
with the incorporation of EDC-distance constraints. The individual PsbO models are shown in
various shades of blue and these are aligned with cyanobacterial PsbO, shown in orange. All
models exhibited similar low DOPE scores of about -19,500.

incorporating the distance constraints and N-terminal short helix. The stereochemistry of these
models were assessed by Ramachandran analysis using the programs PROCHECK (Sriswasdi et al.,
2014) and RAMPAGE (Lovell et al., 2003). The FIGURES 4.5 - 4.7 illustrate the Ramachandran
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analysis for the threaded model of spinach PsbO obtained from cyanobacterial template,
cyanobacterial PsbO (PDB: 3WU2) and distance-constrained spinach PsbO model with the median
DOPE score respectively. All of our models qualified the Ramachandran analyses. The
Ramachandran analyses requires the protein models to have 90% of their residues in the favored
regions or less than 2% of the residues in the unfavored regions. The PsbO models with the
crosslinking distance constraints showed similar Ramachandran [φ, ψ] plots in comparison to the
cyanobacterial PsbO. The threaded structure of spinach PsbO contained three residues in the
disallowed region, however the spinach PsbO incorporating EDC crosslinking data contained only
one residue. From structural validation perspective, this suggests that our crosslinking data added
constraints that allowed PsbO to attain a conformation with the most stable and feasible Φ and φ
angles. More details on Ramachandran analysis is described in CHAPTER 1.

4.5 Discussion
In this section, new information concerning the structure of higher plant PsbO is provided.
As mentioned earlier, the higher plant crystal structure is currently unavailable; hence cyanobacterial
PsbO is a good starting point to study PsbO from higher plants. The sequence similarity suggests a
similar overall fold of PsbO in cyanobacteria and higher plants. The sequence alignments indicated
an extension or a deletion of certain domains. Protein threading and homology modeling tools helped
in obtaining a model for spinach PsbO from its cyanobacterial counterpart (as a template) and this
spinach PsbO model was used as a reference for crosslinking studies. Protein crosslinking on intact
PSII membranes identified a 19 kDa band on LiDS PAGE. Mass spectrometric analysis of this
protein band identified twenty-four crosslinked-residues scattered in four domains of PsbO,
clustered in both the beta-barrel and the loop regions including the ten-residue extension at the Nterminus of spinach PsbO (absent in cyanobacterial form), and in a region analogous to cyano-loop.
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FIGURE 4.5. Ramachandran Analysis of Spinach PsbO Threaded from Cyanobacterial
PsbO.
Energetically allowed regions of backbone diahedral angles are shown in the figure. All nonglycine amino acid residues are shown as small blue squares, and glycines as triangles. Residues
within yellow, brown or red regions are considered allowed, and those in the background (light
yellow region) are disallowed. Residues in this regions are labelled. Epsilon (P) is used for the ϕ/ψ
combinations associated with a short turns (about 1-2 residues) between α helices or β strands
(Morris et al., 1992).
A - Core alpha
L - Core left-handed alpha
a - Allowed alpha
l - Allowed left-handed alpha
~a - Generous alpha
~l - Generous left-handed alpha
B - Core beta
p - Allowed epsilon
b - Allowed beta
~p - Generous epsilon
~b - Generous beta
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FIGURE 4.6. Ramachandran Analysis of Cyanobacterial PsbO 3WU2.
Energetically allowed regions of backbone diahedral angles are shown in the figure. All nonglycine amino acid residues are shown as small blue squares, and glycines as triangles. Residues
within yellow, brown or red regions are considered allowed, and those in the background (light
yellow region) are disallowed. Residues in this regions are labelled. Epsilon (P) is used for the ϕ/ψ
combinations associated with a short turns (about 1-2 residues) between α helices or β strands
(Morris et al., 1992).
A - Core alpha
L - Core left-handed alpha
a - Allowed alpha
l - Allowed left-handed alpha
~a - Generous alpha
~l - Generous left-handed alpha
B - Core beta
p - Allowed epsilon
b - Allowed beta
~p - Generous epsilon
~b - Generous beta

119

FIGURE 4.7. Ramachandran Analysis of Spinach Model with the Median DOPE Score.
Energetically allowed regions of backbone diahedral angles are shown in the figure. All nonglycine amino acid residues are shown as small blue squares, and glycines as triangles. Residues
within yellow, brown or red regions are considered allowed, and those in the background (light
yellow region) are disallowed. Residues in this regions are labelled. Epsilon (P) is used for the ϕ/ψ
combinations associated with a short turns (about 1-2 residues) between α helices or β strands
(Morris et al., 1992).
A - Core alpha
L - Core left-handed alpha
a - Allowed alpha
l - Allowed left-handed alpha
~a - Generous alpha
~l - Generous left-handed alpha
B - Core beta
p - Allowed epsilon
b - Allowed beta
~p - Generous epsilon
~b - Generous beta

Discussion Contd…The N-terminus of higher plant PsbO is particularly interesting since
this domain is missing in cyano PsbO. We identified three crosslinked-residues in this domain. The
PsbO N-terminus illustrated in FIGURE 4.8 identified two short helices. Thus PsbO doesn’t have an
extended N-terminus; rather, it is a much compact structure.
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EDC crosslinking also identified other bands that were only seen in EDC crosslinked lanes
and not found in the control lanes of the “Western” blot. These bands were (1) in α-PsbP supernatant
lane, a protein band migrated below PsbP. (2) in α-PsbO membranes, a band (more like a smear)
migrated much higher than PsbO, suggesting that PsbO is crosslinked to membrane proteins in a
supercomplex. (3) in α-PsbQ membrane lane, suggesting that PsbQ was crosslinked to the membrane
proteins. The complexity and concentration of these products could not yield any result.
Sequence alignments from T.vulcanus and Spinacea olearacea are shown in FIGURE 4.8
(A). The two binding determinants described earlier (Popelkova and Yocum et al, 2002) are shown
in pink and green boxes, and are shown as dotted circles in FIGURE 4.8 (B). Domain I is present in
both cyanobacteria and higher plants however Domain II is specific to higher plants. Deletion of
domain I or II led to only 50% binding of PsbO to PSII, and only 40% oxygen evolution compared
to wild type. And hence complete binding of PsbO to PSII required the presence of both the domains.
Biochemical evidence suggests presence of two copies of PsbO per PSII (refer PsbO in
Chapter I). It is hypothesized that these domains could be region for the binding of second copy of
PsbO in higher plants. With EDC crosslinking, we identified the structure of the N-terminus and
located these binding determinants to the short helices at the N-terminus. In the absence of a crystal
structure for higher plant PsbO, our PsbO serves as a low-resolution structure. Further studies are
necessary to identify the location of second copy of PsbO (based on biochemical/biophysical
analysis) and the interacting domains of this protein with other extrinsic proteins. Biochemical
analysis suggests a sequential binding of PsbP and PsbQ only after PsbO binds to PSII in spinach.
Other studies have shown that PsbP or PsbQ interacts with PsbO. These experiments have to be
taken further to identify the locations of all the extrinsic proteins that entirely complement the PSII
structure.
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FIGURE 4.8. Binding Determinants of Higher Plant PsbO.
A. Clustal Omega alignment of spinach and Thermosynechococcus vulcanus PsbO proteins. This
alignment is similar to that presented by Popelkova and Yocum (2002). Binding Determinant I
(highlighted in cyan) is found in all oxygenic organisms while Binding Determinant II (highlighted
in magenta) is found only in the green plant lineage. B. Distance-constrained molecular dynamic
refinements for spinach PsbO. Shown are the top ten models of PsbO presented in different shades
of blue. These were aligned with cyanobacterial PsbO (orange, PDB: 3WU2). Binding Determinants
I and II are outlined in cyan and magenta dashes, respectively. All of the models illustrated fulfill
the EDC distance constraints and exhibit similar low DOPE scores (≈ -19,500). The orange arrow
indicates the location of the cyano-loop (T. vulcanus, 131N-138S) while the blue arrow indicates the
location of the short deletion (spinach, 178R-180D) in the cyanobacterial protein.
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Endnotes
The FIGURES 4.1, 4.3, 4.4, 4.8 and TABLE 4.1 are reprinted with permission from the published
article (cited below with the name of the author of this thesis underlined).
Copyright {2016} American Chemical Society.
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Michal Brylinski, and Terry M. Bricker (2016). Use of Protein Cross-Linking and Radiolytic
Labeling To Elucidate the Structure of PsbO within Higher-Plant Photosystem II. Biochemistry,
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CHAPTER 5.
SUMMARY AND CONCLUSIONS
LOCATIONS OF EXTRINSIC PROTEINS IN HIGHER PLANT PHOTOSYSTEM II
This dissertation examined the structural aspects of the proteins PsbO, PsbP and PsbQ from
spinach PSII membranes using protein crosslinking coupled to high-resolution tandem mass
spectrometry. These extrinsic proteins are essential in maintaining the overall conformation around
the Mn4CaO5 cluster, optimizing the ionic environment (Ca+2 and Cl-) at the site of water oxidation,
protect this site from exogenous reductants, and stabilizing the PSII function. X-ray crystal structures
of spinach PsbP and PsbQ are available at 1.9 Å (Cao et al., 2015) and 1.45 Å (Balsera et al., 2005)
respectively, however, no structures are available for higher plant PsbO. Cyanobacterial PsbO,
however, is present in the crystal structure (3ARC) from T. vulcanus. The cyanobacterial PsbO has
47% sequence identity and about 60% sequence similarity with spinach PsbO. These two PsbO’s
are similar in their overall fold, however they do have a number of structural differences (as shown
in the threaded structure of higher plant PsbO compared to cyanobacterial PsbO, FIGURE 1.5).
Additionally, cyanobacterial PSII structure contains one copy of PsbO per PSII monomer, however,
biochemical studies suggest two copies of PsbO per PSII monomer in higher plants (refer section
1.33). In any case, PsbO structure and its location in cyanobacterial PSII is a good model to
understand its higher plant forms. PsbP and PsbQ, on the other hand, are not present in
cyanobacteria, and their crystal structures (from higher plant) do not represent their bound forms to
PSII. The structural homologs of PsbP and PsbQ in cyanobacteria are called CyanoP and CyanoQ
respectively, which are functionally different from their higher plant forms. The X-ray crystal
structures of soluble CyanoP and CyanoQ are available at 2.8 Å and 1.8 Å resolution respectively.
However, these proteins are absent in the current PSII crystal structures, and hence their binding
location in PSII remains elusive.
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The three-dimensional structure of a protein also affects its function. Identifying the location
of these extrinsic proteins would allow us to understand their structure-function relationships.
Protein crosslinking studies have become one of the alternate methods to capture the structural
information not available by other methods. It can be useful in identifying the relative positions of
the unresolved regions of proteins in a crystal structure, arrest an unstable intermediate, and hence,
identify the interacting domains or interacting partners in a protein complex. Since location of the
extrinsic proteins in higher plant PSII has been debated, this method has become valuable in
determining the interacting regions of these proteins, allowing us to propose models helpful in
understanding the overall architecture of extrinsic proteins in PSII complex. Such studies have been
performed for CyanoQ (see section 1.4.1 for details) (Liu et al., 2014). The authors identified the
putative domains of interaction between CyanoQ-PsbO, CyanoQ-CyanoQ and CyanoQ-CP47,
indicating that CyanoQ is present in the vicinity of PsbO and CP47. These results allowed
identification of the binding location of CyanoQ to cyanobacterial PSII. Similarly, the N-terminus
of PsbP (1A) was crosslinked to Cyt b559 (57E) with the EDC crosslinker (Ido et al., 2014), which
indicates that these two proteins are within the van der Waals distance to each other. Additionally,
PsbP was also found to closely interact with PsbR and CP26.
Using a similar approach, this dissertation describes the results obtained from protein
crosslinking coupled to tandem mass spectrometry in PSII. My work identified putative interacting
domains within PsbP, PsbQ, PsbO and between PsbP-PsbQ. The residues from the N-terminus of
PsbP were crosslinked to the C-terminus of PsbP with the crosslinker BS3, which suggested that the
N-terminus closely associates with its C-terminal domain. The structure of the N-terminus has not
been determined in any of the PsbP structures available till date. The hypothesis that the PsbP
interacts with PSII with an extended N-terminus, is thus rejected, it instead has a compact structure
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when bound to PSII. FTIR studies indicated conformational changes around the Mn4CaO5 cluster
upon PsbP and PsbQ binding to PSII (Kakiuchi et al., 2012; Tomita et al., 2009). Protein crosslinking
with BS3 identified two crosslinked residue-pairs (40K – 155K and 40K – 157K) in PsbP and one pair
(125K –

133

Y) in PsbQ which were >11.4 Å apart when mapped onto their soluble forms of crystal

structures. The distances greater than the crosslinker’s active radius could mean that a
conformational change occurred within these proteins upon their binding to PSII. Additionally, the
residues (93Y, 96K and 97T) in the loop 90K-107V of PsbP were crosslinked to the N-terminal 1E of
PsbQ, indicating the interacting domain of PsbP with PsbQ in PSII. This is the first report of a direct
interaction between these two proteins.
Additionally, the residues 98K – 133Y and 101K - 133Y of PsbQ were also crosslinked with BS3.
The distances between these residues were >30 Å when mapped onto the PsbQ structure (1VYK),
which would only be possible if two copies of PsbQ interact within the photosystem. Similar findings
were reported for CyanoQ earlier in cyanobacteria (Liu et al., 2014), and the putative binding
location for CyanoQ was presented. These authors identified the residue pairs CyanoQ: 120K – PsbO:
59

K, CyanoQ: 120K – PsbO: 180K crosslinked with a 12 Å-crosslinker (DTSSP) and CyanoQ: 102K –

PsbB:

440

D with a zero-length crosslinker (EDC). These distance constraints were incorporated in

their models shown in FIGURE 5.1 A. In this model (Liu et al., 2014) the Pakrasi group proposed
the binding of two CyanoQ molecules in an anti-parallel fashion within a PSII dimer, where PsbQ
was placed between PsbO and PsbB (CP47).
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FIGURE 5.1. Models for the Location of Higher Plant Extrinsic Proteins.
The models presented in both A. and B. are modified from (Roose et al., 2016). These figures
correspond to the structure of PSII, proposed by Pakrasi group (Liu et al., 2014). PsbE is shown in
teal, PsbA in light grey, PsbB in light pink, PsbC in pale blue, PsbD in pale wheat. PsbO in orange
(cyanobacteria) and blue (spinach), PsbQ in smudge green (cyanobacteria) and forest green
(spinach), and PsbP in magenta.
A. Left, PSII core with proposed model of CyanoQ between PsbB and PsbO (Liu et al., 2014). Right,
view of same model from lumen to stroma. B. Proposed model with PsbQ similar in location to
CyanoQ in cyanobacteria. The P-Q interacting domain is represented with a dotted circle. The
models generated in Chapter 3 and Chapter 4 are used for the representation here.
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Based on their model, with the structural similarity and a resemblance in the crosslinking
pattern between CyanoQ and PsbQ (inter-PsbQ interaction in an anti-parallel fashion), the location
of higher plant PsbQ is proposed and illustrated in FIGURE 5.1 B. In this figure, location of PsbP is
modelled based on our crosslinking data for PsbP-PsbQ interaction and from PsbP-PsbE interaction
(Ido et al., 2012). Our models presented here are consistent with the crosslinker’s distance
constraints. These models are constrained to have 1A of PsbP (shown as a cyan colored sphere)
positioned within a van der Waals distance of PsbE: 57E, and 93Y, 96K and 97T residues (shown in
yellow spheres) of PsbP around 11.4 Å from the N-terminus 1E of PsbQ (not visible in these models).
In Figure 5.1B, the CyanoQ structure is replaced with PsbQ and docked in a similar location as
CyanoQ. Additionally, one of the lowest energy models for PsbP and PsbO, (presented in Chapter
3 and 4) were used while building these models. In this structure (Liu et al., 2014), the PsbQ is
positioned between the two monomers in a PSII dimer.
Another possibility exists for the location of PsbQ. Instead of each PsbQ from a monomer
interacting in a PSII dimer (Liu et al., 2014), the PsbQ-PsbQ crosslinking could be a result of
interaction of PsbQ molecules between two different PSII-dimers. This model is consistent with the
location of Q’ seen in red-algal crystal structure (Ago et al., 2016). A model with PsbQ in the location
of Q’ is proposed in the FIGURE 5.2B. In first model (FIGURE 5.1), PsbQ is located closer to CP47,
on the other hand, in the second model (FIGURE 5.2), the PsbQ is located near CP43. The figures
shown in FIGURE 5.1 and 5.2, are modified from (Roose et al., 2016). The models presented here
only contain core PSII protiens PsbA (D1), PsbB (CP47), PsbC (CP43), and PsbD (D2) along with
the extrinsic proteins PsbO, PsbP, PsbQ, CyanoQ and PsbQ’ (whichever is relavent). The Nterminus of PsbQ’ is not completely resolved, the first resolved residue in red algae crystal structure
for PsbQ’ is Leu 109, and hence location of its N-terminus is not known.
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FIGURE 5.2. Models for the Location of PsbP and PsbQ Based on Protein-Crosslinking
The models presented in both A. and B. are modified from (Roose et al., 2016). A. Left, PSII core
along with PsbO and PsbQ’ in red algae crystal structure (Ago et al., 2016). The 109L is the first residue
of PsbQ resolved in this red algae structure, and are represented by yellow speheres. Right, 90° of red algal
structure. This view is looking at PSII core from the lumen towards stroma. PsbE: 57E is shown in
lemon colored spheres B. Proposed location of PsbQ based on PsbQ’. PsbQ’ is replaced with PsbQ.
And red algal PsbO is replaced with spinach PsbO modelled from crosslkinking data. Left, PSII core
with higher plant extrinsics, the N-terminal PsbP: 1A is very close to PsbE: 59E, shown with a yellow
dotted circle. Right, 90° rotation of the model from left. This view is from lumen to stroma. The
interacting residues between PsbP and PsbQ are highlighted with a white dotted circle. D1 (grey),
CP47 (light pink), CP43 (light blue), D2 (wheat), Cytb559 α-subunit (PsbE) in deapteal, PsbQ’
(smudge green), PsbQ (forest green), PsbP (magenta), red algal PsbO (salmon), spinach PsbO (dark
blue).
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When PsbQ is placed in a similar location as PsbQ’, it required much rearrangement for the
placement of PsbP to satisfy the distance constraints from PsbQ and PsbE. Thus using crosslinking
helped us in proposing models for the location of higher plant extrinsic proteins by incorporating the
knowledge available for PSII.
Additionally, the EDC crosslinking results described in Chapter 4, for PsbO, allowed us to
build models, which incorporated the distance constraints from the crosslinked-residues. EDCcrosslinked residues were constrained to have their Cα- Cα within 12 Å (see Chapter 4 for details).
The spinach PsbO has a ten amino-acid extention at its N-terminus, which is absent in cyanobacterial
PsbO. The crosslinking results allowed us to model this N-terminal domain, which facilitated in
identifying the two binding determinants, required for the complete binding of two copies of PsbO.
One of the binding determinant (4K-10E) is found only in higher plants (and green algae), but not
found in cyanobacteria. The deletion of this domain reduces the binding ability of PsbO to 50%. The
other determinant (15T-18E) is present in both higher plants and cyanobacteria. Deletion of this
domain causes further loss of PsbO binding and consequently very poor oxygen evolving rates. Thus
our model for PsbO enhanced our knowledge on the structure of PsbO from higher plants, and this
model serves as a low-resolution structure. In FIGURE 5.1B and 5.2B, one of the lowest energy
models of PsbO is used. Thus protein crosslinking provided considerable new information allowing
building models pertaining to the location of extrinsic proteins in higher plant PSII.
Very recently, Wei and his coworkers identified the structure of higher plant PSIIsupercomplex using membranes (Wei et al., 2016). This structure was resolved at 3.2 Å, using cryoElectron microscopy. In this structure, the location of extrinsic proteins appeared to form a triangular
crest on PSII membrane proteins when viewed from lumenal to stromal face. The extrinsic proteins,
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FIGURE 5.3 Cryo-Electron Microscopy Structure for spinach PSII-LHCII
Cryo-EM structure (Wei et al., 2016) for PSII core with extrinsic proteins PsbO, PsbP and PsbQ is
illustrated here. A. PsbQ (green) identified with between PsbO (blue) and CP43 (light blue). PsbP
(magenta) close to PsbE and PsbO. N-terminus of PsbP is close to PsbE: 57E, shown with a dotted
yellow circle B. 90° rotation of the above figure, N-terminus of PsbQ is an extended structure. PsbQ
N-terminus extends up to PsbP. Crosslinked residues of PsbP and PsbQ are represented in cyan and
yellow spheres respectively, and highlighted with a white dotted circle.
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PsbO, PsbP and PsbQ, specifically seemed to shield the lumenal domains of CP43 and D1
(C-terminal domain). The location of PsbQ is similar to red alagal structure, where PsbQ is located
between CP43 and PsbO proteins. The location of PsbO is similar to cyanobacteria and red algae,
however, PsbQ is located closer to the N-terminus of PsbO and CP43 similar to the PsbQ’ location
in red algae. The PsbQ, unlike X-ray crystal structure, has an extended N-terminus that stretches
from its core structure (helix-bundle) towards PsbP. Such, extended N-terminus for PsbQ was
presented earlier by NMR studies (Rathner et al., 2015). The cryo-EM location of extrinsic proteins
is shown in FIGURE 5.3 A and B. The PsbQ: 1E is in van der Waals contact to 93Y, 96K and 97T of
PsbP (as seen in BS3 crosslinking results). Additionally, the structure of the N-terminus of PsbO is
similar too. These studies not only confirm our models based on protein crosslinking data, but also
suggest how protein crosslinking is advantageous in studying protein complexes.
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APPENDIX A
Modelling of PsbP N-terminus
We used a program MODELLER to add secondary structure to the crystallographically unresolved
N-terminus of PsbP. This process required three files for the N-terminal model building process. (1)
An alignment file for the template sequence and target sequence. (2) Structure file (.pdb) for the
template protein. (3) A script file, that assigns the tasks to the program MODELLER. The generated
models were validated for their secondary structures by Ramachandran analysis using the program
PROCHECK, and analyzed further for their z-scores with the program PROSA-II. The scripts were
similar for modelling the N-terminus for a helix or random coil in both PsbP and PsbO, and hence
only PsbP is shown below.
Alignment file used to model PsbP N-terminus
>P1;Manju_4RTI_modified.pdb
structureX:Manju_4RTI_modified.pdb:1:A:175:A:::0.00:0.00
-----------PKKNTEFMPYNGDGFKLLVPSKWNPSKEKEFPGQVLRYEDNFDATSNLS
VLVQPTDKKSITDFGSPEDFLSQVDYLLGKQAYFGKTDSEGGFDSGVVASANVLESSTPV
VDGKQYYSITVLTRTADGDEGGKHQVIAATVKDGKLYICKAQAGDKRWFKGAKKFVESAT
SSFSVA*
>P1;manju_model1
sequence:manju_model1:1::186::::0.00:0.00
AYGEAANVFGKPKKNTEFMPYNGDGFKLLVPSKWNPSKEKEFPGQVLRYEDNFDATSNLS
VLVQPTDKKSITDFGSPEDFLSQVDYLLGKQAYFGKTDSEGGFDSGVVASANVLESSTPV
VDGKQYYSITVLTRTADGDEGGKHQVIAATVKDGKLYICKAQAGDKRWFKGAKKFVESAT
SSFSVA*

(1) Structure file
This file can be obtained from www.rscb.org. The program BLAST is generally used to identify the
most appropriate target protein to be used as a template. Since spinach PsbP crystal structure is
available, it was used as a template for this project. The gaps in the .pdb file were filled by
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renumbering them, and the gaps were shown as dashes in the alignment file to represent the regions
unresolved in the crystal structure.
(2) Script file (.py) to fill the gaps with loops, without adding restraints
# Loop PsbP
from modeller import *
from modeller.automodel import *
log.verbose()
env = environ()
class MyModel(automodel):
def special_restraints(self, aln):
rsr = self.restraints
at = self.atoms

a = MyModel(env,
alnfile='manju_4RTI.ali', # alignment filename
knowns=('Manju_4RTI_modified.pdb'), # codes of the templates
sequence='manju_model1', # code of the target
assess_methods= (assess.DOPE,assess.GA341)) # request GA341 assessment
a.starting_model= 1
# index of the first model
a.ending_model = 20
# index of the last model
# (determines how many models to calculate)

# Very thorough VTFM optimization:
a.library_schedule = autosched.slow
a.max_var_iterations = 300
# Thorough MD optimization:
a.md_level = refine.slow
# Repeat the whole cycle 2 times and do not stop unless obj.func. > 1E6
a.repeat_optimization = 2
a.max_molpdf = 1e6
a.make()

# do homology modeling
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(3) Designing Helix at the N-terminus of PsbP
# Helix PsbP
from modeller import *
from modeller.automodel import *
log.verbose()
env = environ()
class MyModel(automodel):
def special_restraints(self, aln):
rsr = self.restraints
at = self.atoms
# Residues 1 through 15 should be an alpha helix:
rsr.add(secondary_structure.alpha(self.residue_range('1:', '15:')))
# Restrain the specified CA-CA distance to 12.5 angstroms (st. dev.=0.1)
# Use an upper bound (right Gaussian) potential and X-Y distance group.
rsr.add(forms.upper_bound(group=physical.xy_distance, feature=features.distance(at['N:1'],
at['NZ:170']), mean=11.4, stdev=0.1))
rsr.add(forms.upper_bound(group=physical.xy_distance, feature=features.distance(at['N:1'],
at['NZ:173']), mean=11.4, stdev=0.1))
rsr.add(forms.upper_bound(group=physical.xy_distance, feature=features.distance(at['OH:2'],
at['NZ:170']), mean=11.4, stdev=0.1))
rsr.add(forms.upper_bound(group=physical.xy_distance, feature=features.distance(at['NZ:13'],
at['NZ:174']), mean=11.4, stdev=0.1))
rsr.add(forms.upper_bound(group=physical.xy_distance, feature=features.distance(at['NZ:14'],
at['NZ:174']), mean=11.4, stdev=0.1))
a = MyModel(env,
alnfile='manju_2vu4A.ali', # alignment filename
knowns=('Manju_4RTI_modified.pdb'), # codes of the templates
sequence='manju_model1', # code of the target
assess_methods= (assess.DOPE,assess.GA341)) # request GA341 assessment
a.starting_model= 1
# index of the first model
a.ending_model = 1
# index of the last model
# (determines how many models to calculate)
# Very thorough VTFM optimization:
a.library_schedule = autosched.slow
a.max_var_iterations = 300
# Thorough MD optimization:
a.md_level = refine.slow
# Repeat the whole cycle 2 times and do not stop unless obj.func. > 1E6
a.repeat_optimization = 2
a.max_molpdf = 1e6
a.make()

# do homology modeling
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